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et la cheminee avec, entre les pots a pieds coniques, les 
deux gravures dans leurs cadres ovales, representant Tune 
un morse sur son glagon et I’autre un jeune gargon sus- 
pendu a un trapeze, et la table ronde avec le dessous 
de plat metallique en forme de losange, le poisson rouge 
dans son bocal spherique, I’eventail en dentelle noire, 
le cendrier publicitaire hexagonal sur lequel est dessinee 
une chambre a air et la petite boite a cigarettes en bois 
sculpt e aflFectant la forme d’un tonneau G. P. [ 116 ] 
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INTRODUCTORY PREFACE 



How I have (re-)written this book 

The book the reader has in hand was supposed to be a new edition of [14]. I have 
hesitated quite a long time before deciding to do the re-writing work — the first 
edition has been sold out for a few years. 

There was absolutely no question of just correcting numerous misprints and 
a few mathematical errors. When I wrote the first edition, in 1989, the convexity 
and Duistermaat-Heckman theorems together with the irruption of toric varieties 
on the scene of symplectic geometry, due to Delzant, around which the book was 
organized, were still rather recent (less than ten years). I myself was rather happy 
with a small contribution I had made to the subject. I was giving a post-graduate 
course on all that and, well, these were lecture notes, just lecture notes. 

By chance, the book turned out to be rather popular: during the years since 
then, I had the opportunity to meet quite a few people^ who kindly pretended 
to have learnt the subject in this book. 

However, the older book does not satisfy at all the idea I have now of what 
a good book should be. So that this “new edition” is, indeed, another book. 

First of all, it is written more carefully. In particular, I have tried to follow the 
recommendations of [16]. The first edition, of course, contains only those results 
known^^^ up through 1989. During the intervening fifteen years, I have enlarged 
both my knowledge of new results and my point of view, arising from work on more 
general integrable systems. I now find the relations among them to have gained in 
importance, and this has enlarged the book as well. It is not only a thicker book 
but also 



often former MIT students, so that I guess the advertisement was made by Guillemin 
(^^To quote [54], “after a decade of dramatic progress, many chapters of the theory [had] reached 
the final stage”. 
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— it contains more mathematics: I have split the previous chapter on the bases 
of symplectic geometry, adding more considerations on integrable systems, 
and I have (coherently) added a chapter on integrable systems and torus ac- 
tions on certain moduli spaces (following Goldman and Jeffrey- Weitsman) 
because this is a beautiful example of use of the results of this book, but also 
because moduli spaces are the spaces of the future and cannot be ignored 
in a new book; 

— besides, it contains more theorems, even on the previously treated sub- 
jects, for instance Atiyah’s Kahler refinement of the convexity theorem and 
Delzant’s uniqueness result; 

— it contains much more relevant examples and many new exercises; 

— it contains more proofs. Contrary to what happened in the old treatment, 
there is no proof ‘deft as an exercise to the readers” ; 

— it contains fewer misprints^^^ (thanks to automatic spell-checking with Ex- 
calibur); 

— it contains more figures and, this time, the figures are beautiful (but there 
will be no advertisement for expensive software in this book); 

— the bibliography has been completed and up-dated; 

— there is an index. 

. . . Well, to make, eventually, a long story short, I have worked a lot on 
this new book, I have enjoyed it most of the time and I hope that this will be a 
genuinely good reference book. In any case, this is the last time I will write it. 
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Sebastien Racaniere for helping me to improve the penultimate version of this 
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What I have written in this book 

At least since the Felix Klein Erlangen program, everybody knows that it is useful 
to make groups act on sets, the action providing information both on the group 
acting and on the set acted on. 

In this book, we shall be interested in “differentiable” (ie., locally linear) 
objects: the set will be a smooth manifold and the group a Lie group, acting by 
diffeomorphisms . 

The group action allows one to decompose the manifold into pieces (strata) 
corresponding to the various orbit types. When the manifold is not too compli- 
cated, it is possible to recover “everything” from this stratification: this is the case 
for example when the group is the circle and the manifold a surface. . . but 
there are rather few examples of such a simple situation. 

The two principal motivations to investigate group actions on symplectic 
manifolds might be: 

(1) This is a natural (?) framework for the Hamiltonian mechanics: since La- 
grange, we are able to consider the phase space of any mechanical system 
as a symplectic manifold, the group then represents the more or less hidden 
symmetries of the system^^^h 

(2) From the point of view of the group itself, what is called the “orbit method” 
(Kostant, Kirillov, etc.) and which is a tool to construct representations of 
the group, uses symplectic geometry in an essential way. The fundamental 
objects in the theory are the coadjoint orbits, which are naturally symplectic 
manifolds. 

There is another good reason to investigate symplectic actions: this is easier! 
The so-called Hamiltonian actions are actually, by the very definition, those for 
which there is a function on the manifold, the critical points of which correspond to 
the fixed points of the group action. It is thus possible to use the well-understood 
methods (invented by Morse, Thom, and many others) of Morse theory to study 
the group action. 



good reference for this point of view is the book [123]. 
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For example, the central theorem in the first part of this book is the following 
statement (that any neophyte is allowed to find abstruse) due to Frankel [51] and 
Atiyah [7]: 

Theorem (Corollary IV.3.2). Let X be an almost periodic vector field on a connected 
symplectic manifold {W^u). Suppose H is a function W such that ixou = dH. 
Then all the levels H~^{t) are (empty or) connected. 

For those who felt the statement was indeed abstruse, here are a few appli- 
cations which should be clearer. 

A theorem of Kushnirenko. In the first application, we enumerate the solutions 
of a particular system of algebraic equations. Consider a finite subset iS C of 
multi-exponents, and the system of n equations and n unknowns: 

= 0 for 1 < j < n, 

aeS 

the parameters being complex and the unknown z an element of the complex 
torus 

For example, 

- If n = 1 and inf S' = fc ^ 0, the system consists of an equation 

m—k 

i=0 

and thus has, in general, m — k (the length of the shortest interval contain- 
ing S) nonzero solutions. 

— If S = {ei, . . . , Cn} is the set of the vectors in the canonical basis of then 
our system is a homogeneous linear system and has in general no solution 
(in (C^)^). 

— If we add 0 (then S = {ei, . . . ,6^,0}), the system is a linear system and 
has in general exactly one solution. 




Figure 1 
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The following theorem, due to Kushnirenko [90], generalizes the observations 
made in these examples: 



Theorem (Theorem IV.4.25). The number of solutions of the system 

^ = 0 /or 1 < j < n 

aeS 



for general enough coefficients is 

N{S)^n\Yo\{S) 

where S is the convex hull of S in R^. 



The Toeplitz-HausdorfF theorem. This is a classical problem, the Toeplitz- 
HausdorfF problem, to determine the numerical image of an operator A on a Hilbert 
space H. This is simply the set W {A) of all the values taken by the inner product 
{Av, v)^ when v varies in the unit sphere of H. Here, we will only consider matrices, 
that is, we will restrict ourselves to the finite dimensional case, H = endowed 
with the standard Hermitian form. In this case, A is an n x n complex matrix. 







Figure 2 
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The numerical image can have rather different shapes, according to the spe- 
cific chosen A. The examples given here are inspired by those in [65]; they corre- 
spond to the matrices 




/ 001 \ / 000 \ / 100 \ 

T)=100 , ^=100 , F- OzO 

\ 010 / \ 001 / \ 000 / 

for which it is (more or less easily) checked that the numerical image is that shown 
in Figure 2. Notice that all these subsets are convex, this being a more general 
fact. 

Theorem (Theorem IV.4.1). The numerical image W{A) is a convex subset of C. 

It turns out that this theorem is also a consequence of Corollary IV.3.2, as 
I have learned it in V. A. Ginzburg’s paper [53]. 

The Schur-Horn theorem. This is a classical result (and the most classical 
application of the convexity theorem above), originally due to Schur and Horn, 
which describes the possible values of the diagonal entries in a Hermitian matrix 
of given spectrum. 

Theorem (Corollary IV.4.1 1). The mapping which, to any Hermitian matrix, asso- 
ciates its diagonal entries, maps onto the convex hull in of the set 

5 ^cr(n)) (for cr in the symmetric group &n)- 

Figure 3 shows this image, in the hyperplane ^ ^ in for n = 3 

(hexagon) and n = 4 (permutahedron) in the case where the A^’s are distinct. 





Figure 3 
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Although I did my best to present rather different applications of Corollary 
IV.3.2, I cannot hide that they have two important common points: 

- in their assumptions: the manifolds (C^)^ and H\ are both endowed with 
an action of the torus 

- in their conclusions: both contain the word “convex”: actually, Corollary 
IV.3.2 is the essential step in the proof of the so-called Atiyah, Guillemin 
and Sternberg convexity theorem. 

Our abstruse statement, in addition to giving unified proofs of previously 
different theorems, allows us to classify certain group actions on symplectic man- 
ifolds. 

Contents of this book. As its title says, this book is mainly devoted to the study 
of torus actions in symplectic geometry. Hence, I start with some generalities on 
Lie group actions on manifolds. This is Chapter I, in which I spend some time on 
S^actions on surfaces and on 3-manifolds, especially on Seifert manifolds. Then 
I introduce symplectic geometry (in Chapter II) and Hamiltonian group actions 
(in Chapter HI), especially torus actions and action-angle variables. 

Chapter IV is the core of the book. Devoted to some applications of Morse 
theory to Hamiltonian group actions, it contains all the convexity theorems men- 
tioned in this introduction. I have tried to give a lot of examples, in the main text 
as well as in the exercises. The next chapter. Chapter V, describes a family of ex- 
amples of symplectic manifolds (moduli spaces of flat connections) endowed with 
integrable systems (Goldman’s functions), the action- angle variables (investigated 
by Jeffrey and Weitsman) of which give further examples of convex polyhedra ap- 
pearing in symplectic geometry. Another reason to have included these examples 
here is the fact that this is an opportunity to introduce the basic definitions on 
connections, that I use to do the algebraic topology needed in Chapter VI. This one 
is devoted to the other beautiful achievement of the theory in the 1980s, namely, 
the Duistermaat-Heckman theorem. It happens that the language of equivariant 
cohomology fits very well with the study of Hamiltonian actions, since the exis- 
tence of a momentum mapping for the G-action on the manifold W is equivalent 
to the existence of an extension of the symplectic form to the Borel construction 
Wq on W. This remark allowed Berline and Vergne [ 22 ] to give a lucid proof 
of the spectacular theorem of Duistermaat and Heckman [44] . I present here this 
perfect example of a theorem which becomes practically tautological once the right 
language to state it in is found. 

In Chapter VII, I present a topological construction of the complex toric 
varieties. This comes from the work by Delzant [ 39 ], the seminal paper [ 38 ] by 
Danilov and the book [ 85 ] by Kirwan. In the last chapter (Chapter VHI), I dis- 
cuss the Hamiltonian circle actions on 4-manifolds, around results due to Dusa 
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McDuff [103], myself [13] (and independently Ahara and Hattori [1]) and Yael 
Karshon [83]. The main reason to present these results hie et nunc is that the 
proofs given here are an illustration of all the methods introduced in the book, 
since I use Seifert manifolds, Morse theory, the Duistermaat-Heckman Theorem 
and toric manifolds. 

Prerequisites and bibliography. The readers are assumed to know the basic 
definitions on manifolds (see [124, 91], as a good general reference for all these 
notes, [84, §5] and, for the calculus used in this book, [43]). I also use, of course, 
the classification of surfaces [101, 59] and, to stay in the spirit of the book, [58], 
which might also be used as an introduction to Morse theoretical methods. As to 
algebraic topology: the reader is supposed to learn a few elementary notions as 
she or he goes along, being assumed to know nothing at the beginning and a little 
more at the end. There will always be a reference or a hint of proof for what I shall 
use, but not always a complete proof. 

I have tried to make an extensive and rather complete bibliography. There 
are quite a few good books on symplectic geometry on the market. I like very much 
the concise and efficient survey [6] of Givental and Arnold. I also recommend, of 
course, among many others, [96] and [106]. 




CHAPTER I 



SMOOTH LIE GROUP ACTIONS ON MANIFOLDS 



In this chapter, we list the basic definitions and properties of Lie group actions. 
Then we investigate the actions of the circle on surfaces and 3-manifolds. 



1.1. Generalities 

To make this book reasonably self-contained, we start with a few generalities. The 
material here is quite classical and can be found in numerous good books. This is 
why some proofs are only sketched. The books I have used are [27, 32, 71, 91]. 

1.1. a. Lie group actions. Let G denote a Lie group^^^ the unit element of which 
is 1 and the Lie algebra of which is g. 

G-manifolds. Let IT be a smooth (z.e., manifold on which G acts by diffeo- 
morphisms. The action is written 

GxW > W 

(g,x) I >g-x. 

This is a left action, that is, 

g ' {h' x) = (gh) • x for all g,h e G,x eW. 

A manifold endowed with a G-action is called is a G-manifold. 

Equivariant mappings. If the group G acts on the two manifolds V and IT, and 
if : T — > IT is a smooth map, it is said that (p is an equivariant map if 

VxeV, V(/€G, (p{g ■ x) ^ g ■ <f{x). 



readers will find a summary of useful results on Lie groups, Lie algebras, the exponential 
mapping and all that in § 1.4. 
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Clearly, if the equivariant mapping is a diffeomorphism, the inverse diffeomor- 
phism (p~^ is also an equivariant mapping. 

G-vector bundles. We shall call a G-vector bundle over a G-manifold W any vector 
bundle E ^ W endowed with a G-action which is linear in the fibers and such 
that the projection is an equivariant map. 

For instance, the tangent bundle TW of a G-manifold has a natural structure 
of G-vector bundle, given by 

g-{x,v) ^{g-x,J^g{v)). 

Orbits and stabilizers. If x is a point in VF, its orbit will be denoted G • x, 

G • X = {y G VF I y = ^ • X for some y G G} , 
and its stabilizer G^,, 

Gx = {fit e G I 5 • X = a:} . 

Stabilizers of points are obviously closed subgroups, and hence Lie subgroups 
(see Theorem 1.4.6) of G. Notice that stabilizers of points in the same orbit are 
conjugate to each other, as G^.^ = g~^GxQ (this equality also shows that all 
possible conjugates appear). With each orbit is associated a conjugation class of 
subgroups of G, called the type of the orbit. The conjugation class of H is denoted 
by (H). Thus the type of G • x is (G^^). 

Notice also that, if ip : V FF is an equivariant mapping, we have 
Gx ^ G(^^x)* 

I.l.b. Orbit mappings and fundamental vector fields. For each point x G 
VF, the mapping 

fx : G > W 

g I > y -X 

is a smooth map, called the orbit mapping. Its image is the orbit of x. Its differential 
at 1 is the linear map: 

Ti/x:TiG = 0 >TxW. 

With each vector X E Q is thus associated a vector 

Ti/x(X) = X, e TxW^ 

tangent to FF at x. Allowing x to vary in FF, we get a vector field, the fundamental 
vector field associated with X, denoted by ^X, X, or even X when there is no 
risk of confusion. By definition, the fiow of X is exp(tX) • x. Notice that the Lie 
bracket is related to the bracket of vector fields by the simple formula 

[^T] = [A,r]. 




I.l. GENERALITIES 
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The stabilizer of x is a Lie subgroup of G, the homogeneous space G/G^ is 
thus a smooth manifold (see Theorem 1.4.8) and one shows 

Theorem Ll.l. The orbit map 

fx : G/G, > fT 

is an injective immersion. 

Proof. We simply evaluate the kernel of the dilBFerential of the orbit map 

Tgfx : T,G . Tg.,W. 

By invariance, it is sufficient to study the case where g = 1. We are thus looking 
at the kernel of Ti/^,, that is {X G g | = 0}. It is easily checked that this set 

is the Lie algebra Qx of G^. □ 

Thus, orbits are images of manifolds by injective immersions. It does not 
follow that they are submanifolds. The most classical (counter-)example is that of 
acting on a torus by irrational translations (Exercise 1.1). Recall however that 
a proper injective immersion is an embedding, in particular this problem does not 
occur when the group is compact. 

Corollary LI. 2. If G is a compact Lie group, its orbits are submanifolds ofW. □ 

Notice that, by the very definition, the fundamental vector fields generate 
the tangent space to the orbit. 

I.l.c. Examples. 

Example 1.1.3. The linear group GL(n, R) acts on R^, as does GL(n; C) on 

We will use mainly compact subgroups of GL(n;R) or GL(n;C), as the 
orthogonal group 0(n) or the unitary group U(n) and especially Abelian compact 
subgroups (namely, tori), but we will also need the complex torus (C^)^. 

Example 1.1.4. The circle acts on by complex multiplication 

t ‘ i^Z\, ... , Zjj) {tZ \ , . . • , tZjif 

The point 0 is fixed; all the other orbits are circles. The spheres 

are stable under this action. This apparently trivial example will turn out to be 
the fundamental example for this book! 
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Example LL5. The circle also acts on C (for instance) in a more sophis- 
ticated way 

t-{zi,z2) = {r^zi,r^z2) 

(here mi and m 2 are any elements of Z). 

Example L1.6. The unitary group U(n) acts on the real vector space of Hermitian 
n X n-matrices by conjugation 

A^M = AMA~\ 

It follows from the diagonalizability of Hermitian matrices that the orbits are the 
manifolds H\ mentioned in the introduction of this book (this is Exercise 1.4). 

I.l.d. More definitions. The G-action is said to be effective if each element 
g ^ I moves at least one x in IT, that is to say, if: 

n Gx = { 1 } • 

Any action may be replaced by an effective one: 

Proposition L1.7. The group ^ closed normal subgroup in G, and the G- 

action inW induces an effective action o/G/p|Gx inW . 

Proof. This an intersection of closed subgroups, hence a closed subgroup. Let now 
g ^ n^x and h be any element of G. For x G IT, we have 

{h~^gh) • X = h~^g{h • x) = h~^{h • x) 

since g fixes all elements, hence h~^gh G D 

Example L 1.8. Let act on C hy t ' w = t^w. This is not an effective action, 
since the subgroup {±1} fixes all the points. However, the quotient S^/ {il} acts 
effectively. 

Example 1.1.9. The S ^-action on by 

t • {zi,Z2) = {f^^Ziff'^'^Z2) 

is effective if and only if mi and m 2 are relatively prime (an exercise for the 
readers). 

Example 1.1.10. If the group G is simple, the action is either effective — if the 
normal subgroup P| G^ is the trivial subgroup {!}— or trivial— if this is the whole 
group G. This is the case for instance for G = SO(3). 




1.2. EQUIVARIANT TUBULAR NEIGHBORHOODS 
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The action is transitive if it has only one orbit, free if all the orbits have the 
trivial subgroup {1} as stabilizer, semi- free if they have G or {1} as stabilizer (in 
other words if it is free outside fixed points). 

The last notion in this paragraph is that of orbit space. This is the quotient 
space W/G endowed with the quotient topology. Even for a smooth Lie group 
action on a smooth manifold, the quotient can be very bad. In general, it is not 
even Hausdorff (think of the example of the irrational fiow on the torus T^, there 
is another example in Exercise 1.2). Anyway: 

Proposition LL 11, If G is compact, W/G is a Hausdorjf space and the projection 
n :W ^ W/G is a proper and closed mapping. 

Proof Recall that the quotient map tt for the quotient by a group action is an 
open mapping, since, for any open set U CW, we have 

n-\n{U)) = [j 9 U, 

geG 

an open set as a union of open sets. It turns out that, when G is compact, the 
projection tt is also closed, 

7T“^(7r(A)) = 0(G X A) 

being closed for any closed subset A. The map 0 here is simply the action map 

0 : G X IT > W, 

the point here being that 0 is a closed map when G is compact. To see this, 
let (7 C G X IT be any closed subset and let y he a point of the closure 0(C). 
There are sequences (pn), (xn) such that y = lim^^ • ^n- As G is compact, we 
may assume that {gn) converges to some element g. Then {xn) — {g~^ • {pn • ^n)) 
tends to g~^{y), thus {pn^Xn) ^ C, since C is a closed subset. Hence 

y — g ' g~^{y) ^ 0(C), so that 0(C) is closed. 

We know that tt is closed, its fibers are compact, hence tt is a proper map. We 
still need to prove that W/G is Hausdorff. Let G x and G-yhe two distinct orbits. 
They are compact (as images of G). As IT is Hausdorff, they can be separated by 
open subsets. There is an open neighborhood U of x such that C fl G • y = 0. Now 
7t(C/) and the complement of 7r{U) are both open subsets, they do not intersect, 
the former contains tt { x ) and the latter 7r(y). □ 



1.2. Equivariant tubular neighborhoods and orbit types decomposition 

1.2. a. The slice theorem (equivariant tubular neighborhood). Although 
this is not the most general possible assumption, we will restrict ourselves to the 
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case where the group G is compact. In this case, according to Corollary 1.1.2, its or- 
bits are submanifolds of W. We now describe the manifold W in the neighborhood 
of an orbit. 

Let X e W. Let Vx denote the quotient vector space TxW/Tx{G • x). For 
^ G Gx, the tangent map: 

Tx9 : TxW > Tg xW = T,W 

is an isomorphism, sending the tangent space of the orbit into itself (by the identity 
map), and in particular it induces a linear isomorphism from Vx to itself. Thus, 
with each point x in W, is associated a linear representation of its stabilizer, ie., 
a group homomorphism: 

G^ > GL{Vx). 

Hence, the stabilizer G^ acts on G x by left multiplication on G and by the 
linear representation just described on Vx. 

More generally, if H is a closed subgroup of G, and if F is a vector space 
endowed with an H-linear action, there is a free action of H on G x I/, namely 

h-{g,v) = {gh~^,h-v). 

The quotient is denoted G Xh V', and [g, v] represents the equivalence class of {g, v); 
this is a vector bundle on G/H with fiber V: 



GxV >GxhV 




and it is endowed with a G-action by 

g' ■ [g,v] = [g'g,v]. 

We may consider G/H as a submanifold in G Xh the zero section of the vector 
bundle, namely 

{[^,0] UgG}cGxhK 

The next theorem (the slice theorem) says that there exists an extension of the 
orbit map: 

G/Gx ^Gxg.F, 

fx f J. 

Gx >W 

at least to a neighborhood of the zero section. 
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Theorem L2.1 (The ‘‘slice theorem” [89]). There exists an equivariant diffeomor- 
phism from an equivariant open neighborhood of the zero section in G K to 
an open neighborhood o/G • x in W , which sends the zero section G/Ga; onto the 
orbit G ' X by the natural map fx . 




Figure 1 



Sketch of a proof of theorem 1.2.1. In the nonequivariant case, to prove the exis- 
tence of a tubular neighborhood for a compact submanifold Y CW^ one uses the 
exponential map of a Riemannian metric^^^ on W which induces a diffeomorphism 
from a suitable neighborhood of the zero section in the normal bundle of Y onto 
a neighborhood of y in W" (see [124]). 

To adapt this proof in the equivariant case, it suffices to choose the Rieman- 
nian metric in such a way that it is G- invariant (ie., such that G acts on W by 
isometries) , thus making it possible to identify Vx with the orthogonal complement 
of T,(G-x). 

To be convinced of the existence of an invariant metric: 

(1) The group G can be endowed with a Haar measure (this is to say, a measure 

invariant by left translations). As G is a Lie group, the proof of this fact is 
very easy: choose an n-linear skew-symmetric form (where n is the dimen- 
sion of G) G A^(g)'^ on Q = TiG, define an invariant differential form on 
G by Qg = g ' Q. This defines a measure. As G is compact, it is possible to 
normalize the measure in such a way that = 1, multiplying Q by an 

ad hoc scalar. 

(2) Given a G-vector bundle E — > VT, we have a G-action on the sections of E 
by: 

{g ■ s)(a;) = gs{g-'^x). 

Given a section s, associate to it an equivariant section s by: 

gs{g~^x)ujg. 




reader is invited to have a look at her or his favorite differential geometry textbook to 
find a proof of the existence of such a metric; it goes without saying that here all the manifolds 
are implicitly assumed to be paracompact (and Hausdorff)! 
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If E is the bundle of symmetric bilinear forms on the tangent bundle TW 
and if s is a Riemannian metric, it is easily checked that the invariant section 
s is still a Riemannian metric. □ 

1.2. b. Applications. 

Proposition L2.2. The union of all the orbits of a given type is a submanifold ofW. 

Proof Fix a type, that is, a conjugacy class (H) of subgroups of G and let VF(h) 
be the union of all the orbits of type (H): 

l^(H) = U e I G, e (H)} . 

Let X G LF(h) • Let us prove that VF(h) is a submanifold (this is a local property) 
in the neighborhood of the orbit of x. For this, we look at the orbits of type (H) 
in G Xh If G G[^^^], we have: • [^, v] = [g'g^ t;] if and only if, for some h G H, 

g'g = gh~^ and v = h - v. 

Thus = g}iyg~^ is in the conjugation class of and all conjugates do 

appear when g varies (and v is fixed). 

The orbit of [g, v] is of type (H), if and only if 11-^, = H, that is if and only if 
is a fixed point of the H- action in V. Let 

F = {veV\h‘V = vyhe}l} 

be the set of these fixed points. This is a vector subspace of V and 

(G xh V)nw^u) = G G xh V I G[g,,] e (H)} = G xh F 
is a subbundle of G Xh and in particular a submanifold. □ 

The simplest example is that of the orbits of type (G): 

Corollary L2,3. The set of fixed points of G is a submanifold ofW. □ 

Of course these submanifolds are not connected in general, and their compo- 
nents do not all have the same dimension. Anyway, the orbit types give a decom- 
position of W into submanifolds. This decomposition is locally finite: 

Proposition L2.4. If W is compact, there are only finitely many orbit types. 

Proof Let n = dimVF. If n = 0, the proposition is obviously true: W itself is 
a finite number of points. Suppose that the proposition is proved for all the G- 
manifolds of dimension ^ n - 1. Thanks to the compactness of W, it is sufficient 
to show that each tube N — G XnV contains only a finite number of orbit types. 

Ghoose an H-invariant metric on the H- vector space V, call SV the unit 
sphere for that metric and write SN = G Xh SV (this is the sphere bundle of N). 
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This is a G-manifold of dimension n - 1, so that we can apply the induction 
hypothesis: in SN^ there is only a finite number of orbit types. 

We compare now the types in SN and in N. As the H-action on V is linear^ 
for any nonzero A, the orbit type of [g, Xv] e N is the same as that of [g,v] G SN. 
Thus the types in N are: those in SN on the one hand, and that of the central 
orbit in G/H on the other hand. □ 

It is not only true that there are few orbit types. It happens, moreover, that 
one of the types takes up a lot of room: 

Proposition L2.5. IfW/G is connected, there is an orbit type (H) in W for which 
W(H) is a dense open subset ofW. Moreover, W(h)/G is a connected manifold. 

Such orbits are called principal orbits. If all the orbits are principal, the action 
is said to be principal. 

Proof Assume that G is connected. We prove the result by induction on n = 
dim IT. If n = 0 and W/G is connected, there is only one orbit and the proposition 
is obvious. As previously, assume the result proved for G-manifolds of dimension 
^ n — 1 and consider N = G x^V. 

In order to apply the induction hypothesis to SN we would have to know 
that SN/ G is connected. Nearly always, SN itself is connected (and thus a fortiori 
its quotient SN/G is): call tt the projection of the vector bundle N G/H; to 
connect two points a and b of SN by a path, choose a path from 7r(a) to 7 t( 6) 
in the connected orbit G/H and lift it to a path beginning at a in the boundary 
S' A" of the tube. The end 6' of the lift is in the same fiber as b and to be able to 
connect it to b' (thus to a), it is sufficient that this fiber, which is a sphere in V, 
is connected. 

The only possible problem occurs in the case where the unit sphere in V has 
dimension 0. In this case, dim T = 1 and SN ^ G/H is a twofold covering. If this 
covering is not trivial, it is connected and we are done; if it is trivial, it means 
that H acts trivially on the “slice” V = K. .. in which case all the orbits contained 
in N are the same and we do not need the induction hypothesis to conclude that 
the proposition is true in N. In the other cases, the induction hypothesis applies 
to SN and there exists an orbit type (H) such that (S'A)(h) is open and dense in 
SN. As in the proof of 1.2.4, it is easily seen that the same happens in N. 

Thus the proposition is proved in each equivariant tube. Choose a locally 
finite covering of W by such tubes and conclude, with the help of the connectedness 
of the orbit space, that the type (H) is the same in all the tubes. □ 

Example L2, 6, If G is commutative, let (H) = {H} be the type of the principal 
orbits. The subgroup H fixes all the points of an open dense subset of W, and 




18 



CHAPTER I. SMOOTH LIE GROUP ACTIONS ON MANIFOLDS 



thus fixes all the points of If the action is effective, the principal orbits have 
type (1). 

Remarks L2, 7. An orbit is principal if and only if the representation in V of its 
stabilizer is trivial. In this case, the quotient is a manifold. Notice that principal 
orbits have maximal dimension among all orbits. 

An orbit is called exceptional if it is not principal but has the same dimension 
as the principal orbits, singular if its dimension is strictly less. 



1.3. Examples: S^-actions on manifolds of dimension 2 and 3 

In this section, we give examples of classification theorems. The most interesting 
one is that of fixed point free S^-actions on orientable 3-manifolds (Seifert man- 
ifolds), which will be used in the sequel to understand periodic Hamiltonians on 
4-manifolds. Both as an introduction and a preliminary exercise, we consider first 
S ^-actions on surfaces. 

1. 3. a. S ^-actions on surfaces. We begin with a list of examples. 

The torus. The circle acts on the torus x by multiplication on one 

summand. This is the unique principal S ^-action on a surface. The readers are 
invited to prove this, solving Exercise 1.8) in the statement of which they will find 
some hints. 

The sphere. The group also acts on the unit sphere of as the group 
of rotations around a fixed axis. All the orbits are principal, except for the two 
fixed points where the axis meets the sphere. The orbit space is a closed interval 
(Figure 2). 

The projective plane. The same circle also acts on the projective plane P^(R). 
Here are three possible (but nevertheless equivalent) descriptions^^^ of this action: 

- Ifp2(R) is the quotient of the sphere by the antipodal map {x i-^ — x), 
the action previously defined on the sphere descends to the quotient. 

- If P^(R) is the “projective completion” of R^ (to which a line at infinity 
is added), then the linear = SO(2)-action on R^ may be extended to 

P2(R). 

- If p2(R) is the set of lines in R^ and is described by homogeneous coordi- 
nates [x, y, 2 :], then = SO(2) acts by A • [x, y, z] = [A - (x, y), 2 :]. 



^^^The reader wanting to know more about the projective plane might enjoy having a look at 
the nice book [4]. 
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In each of the three descriptions given it is clear that all orbits are principal 
except for two of them. One is a fixed point and the other has a Z/2 as stabilizer 
(it corresponds to the equatorial circle of for example). The orbit space is a 
closed interval, each of its ends corresponding to a non- principal orbit (Figure 3). 




orbit space 



Figure 2 




The Klein bottle. The circle also acts on the Klein bottle K. Recall (see Figure 4) 
that K is the quotient of by the group of affine transformations generated by 

t : {x, y) I > (x + 1, j/) and s : (x, y) i > (-x, y + 1). 

We make R act on by (x, y) h- > (x, y + a). This induces an action of R/Z = 




Figure 4 



on K. The quotient map is identified with 

K ^ R/ (x ~ X + 1, X ~ — x) 

[x, y] I > [x] 

and this identifies the orbit space with the interval [0,1/2]. All the orbits are 
principal, except those corresponding to 0 and 1/2 which have a Z/2 2 ts stabilizer. 

We prove now that this list exhausts all possible examples of closed surfaces 
endowed with effective S^-actions. Assume W is a closed (ie., compact and without 
boundary) connected surface. 

The closed subgroups (and thus the possible orbit types) of are: itself 

and the finite cyclic groups {1}, Z/m. 
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The principal orbits. As is a commutative group and the action has been as- 
sumed to be effective, the principal orbits must have type {!}. In the neighborhood 
of a principal orbit, according to the slice theorem (Theorem 1.2.1), the action is 
the product over x R of the multiplication and the trivial action. A neighbor- 
hood of such an orbit in the quotient space is thus homeomorphic to R. 

The exceptional orbits. The orbits of type Z/m (m ^ 2) are exceptional. That 
group must have an effective action on the normal space to the orbit, the dimension 
of which is 1. This can happen only if m = 2, the action being x —x. In the 
neighborhood of such an orbit, a tube looks like: 

Xz/2 R = (S^ X R)/(z,it) ~ (-Z, -u). 

This is a Mobius strip, thus the existence of an exceptional orbit forces W to be 
non-orientable. In the neighborhood of the orbit, the quotient map is [z^t] \t\ 

and the quotient space is a half line. 

The singular orbits. They have type S^: they are fixed points. Near such a point, 
the action linearizes as the standard = SO(2)-action on R^. 

We have thus proved that the orbit space is a manifold of dimension 1 with 
boundary, it is of course compact and connected as W is. It suffices now to inves- 
tigate all the possible cases. 

(1) If W/S^ is a circle, the action is principal, and we have said that IT is a 
torus, with the usual action. 

(2) If not, IT/S^ is a closed interval. The inverse image of the interior of this 
interval is x R and each of the ends is the image, either of a fixed point, 
or of an exceptional orbit, with Z/2 as stabilizer (see Figure 5). 




Figure 5 

- If there are two fixed points, W is obtained by adding two points to 

X R, and is thus a sphere. 

— If there is only one fixed point, and one exceptional orbit, we must 
glue a disc to a Mbbius strip along the boundary (which is a principal 
orbit). We thus get a projective plane. 
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- If both ends correspond to exceptional orbits, we must glue two 
Mobius strips along their common boundary, thus getting a Klein 
bottle. 

1.3. b. Principal S^-actions on 3-manifolds. The study of 3-manifolds with 
fixed point free S^-action was initiated by Seifert during the 1930s [122]. The 
classification of these S^-actions is due to Raymond [118], who actually classi- 
fied topological actions. Of course we shall restrict ourselves to the differentiable 
classification. . . However, both classifications turn out to be the same one. 

We start with principal actions. The quotient space is then a closed surface 
B and the projection tt : W B is a “principal -bundle” over B (this is indeed 
a locally trivial bundle, according to the slice theorem). 

In addition to the diffeomorphism type of B, we shall exhibit another invari- 
ant, a number called the Euler class. This is an integer when B is orientable (and 
an integer modulo 2 otherwise). 




Figure 6 

Assume the surface is orientable. Here is a description of the Euler class e. 
Choose a point in B and a disc Dq around this point. The complement of the 
point has a wedge of 2g circles as deformation retract (see [101] and Figure 6). 
Note that g can be zero, the complement of Dq is then a disc. 

Recall (see, for instance. Exercise 1. 11) that a principal S^bundle over a 
graph (or a topological space having the same homotopy type as a graph) is trivial. 
This allows us to choose a section a : B — Dq ^ W — Vo^ When restricted to Dq 
the bundle is trivializable as well, thus Vo = 7 t~^(T)o) is a solid torus 

Vo = Bo X S' 

and W = {W — Dq) Vo- On the boundary dVo we see two natural curves: 

(1) The meridian a. By definition, this is a closed simple curve which bounds a 
disc in Vo. Its homotopy class is (up to sign) well defined by this property: 
a is a generator of the kernel of 

7Ti(aVo)^Z2 .7ri(Vo)^Z 
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da 



B 



Figure 7 

so that we can choose for a the boundary of a section of 7 t\dq. 

(2) Any orbit b of the S^-action. This is also a simple closed curve; with a 
chosen as above, the two curves meet at exactly one point. 

As the surface B was supposed to be orientable and the action principal, it is 
easily checked that the manifold W is orientable as well. We choose an orientation 
of W, the induced orientation on Vo, the boundary orientation^^^ on 9 Vq. We also 
orient b by the orientation of and choose the orientation of a in such a way that 

CL ' b — “f“l. 

If da is oriented oppositely to the boundary orientation, it meets b at one 
point and positively and we may write 

da a — eb 

for some e G Z. This integer is the Euler class of the principal -action on W (or 
of the principal -bundle W B). 

Proposition L3.L The integer e is independent of all the choices made. Together 
with the diffeomorphism type of B, it determines the equivariant diffeomorphism 
type ofW. For any orientable surface B and any integer e, there exists a manifold 
W endowed with a principal -action, the orbit space of which is B and the Euler 
class e. 

Proof One constructs, given B and e, a manifold W with an S^-action the invari- 
ants of which are B and W : 

We firstly choose a disc Dq in B, then write Wq = {B — Dq) x S^, endow it 
with the product action, thus a{x) = {x, 1) is a section. We consider also a solid 
torus X with the product action, and define an equivariant diffeomorphism 

(p:dWo >d{D^xS^) 



(^^The convention we use to orient boundaries is the one in which the outward normal followed 
by the orientation of the boundary gives the orientation of the whole manifold. 
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reversing orientations. Make the choice of Lp precise by prescribing which curve in 
8Wq is sent to a meridian (ie., is homotopic to a constant in the solid torus). Take 
9(Jo + eb, where h denotes the homotopy class of any orbit. 

The manifold obtained this way has the right invariants. Conversely, if W is 
endowed with a principal S^action with these invariants, it is easy to write down 
a diffeomorphism of W with the above model. □ 

Remark L3.2. The Euler class e vanishes if and only if the fibration W ^ B has a 
section, in other words is trivializable. 

Example 1.3.3. The S ^-action on by t • (zi, 2 : 2 ) = {tzi,tz 2 ) is principal and the 
quotient is a sphere which we may consider here as the complex projective line 
P^(C), the quotient mapping being the Hopf fibration: 

>P\C) 

{ZI,Z 2 ) I ^ [^1,^22] 

which associates with each unit vector the complex line it generates. The projective 
line P^(C) is the union of the two discs 

Do = {[ 2 : 1 , 2 : 2 ] I l^il ^ ^ 2 !} = {^ G C I |t| ^ 1} by t = — 

^2 

and 

Doo = {[^ 1 ,^ 2 ] I l^il ^ 1 ^ 2 !} = G C I |'u| ^ 1} hy u = 

zi 

neighborhoods respectively of 0 = [0,1] and of oc = [1,0]. Hence the sphere de- 
composes into two solid tori on which the fibration is trivializable (see Figure 8). 




Figure 8 

With the same notation as above, we can choose for a meridian a in dVo the 
image of the section 

and for the curve b the orbit 

I u; G S^l of the point ^(1, 1). 
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On the other side, da is the image of the section 



(see Figure 
so that the 



u I- 



1 



(l,u) 



9). Taking care of the orientations, we get 
9a ~ a + 6 

Euler class of the Hopf bundle is —1. 




oo 




Figure 9 



I.3.C. Oriented Seifert manifolds. We want now to generalize the previous 
study to the case of closed 3-manifolds endowed with an -action, still without 
fixed points but with possibly exceptional orbits. We shall restrict ourselves to the 
case of oriented manifolds. The proof we shall give of the classification theorem 
can be found in [115], another useful reference is [24]. 

Let W be an oriented manifold of dimension 3, endowed with an S^-action. 
There are principal orbits, of type {!}, and exceptional orbits, of type Z/m (for 
m > 2). As in the case of surfaces, we try to understand the local structure of the 
orbit space near an exceptional orbit with the help of the slice theorem 1.2.1. 

Orbits of type Tilm. The slice has dimension 2 and acts on V" = as a 
subgroup of 0(2). If m ^ 3, Z/m sits in S0(2) as the subgroup of rotations 
of order m, but if m = 2, there are two different ways in which Z/2 can be 
seen as a subgroup of 0(2): it can be generated either by a refiection or by a 
rotation. Written with the help of a well-chosen complex coordinate in and 
with ^ 

^ ’ V = 



and possibly, if m = 2, 



^ - V — V. 
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In this case, the equi variant tube is 

X Cl{z,v) ~ {-z,v). 

Writing v = x-\-iy,we see that this is the product of a Mobius strip and a line R. 
This cannot happen since we have assumed that W was orientable. 

Hence, all the orbits have tubular neighborhoods of the form Xz/m C 
where Z/m acts on C by rotations of order m. 

Remark L3.4. The exceptional orbits are isolated in W: in Xz/^ C all the orbits 
are principal, except for the central {v = 0) one. In particular, as W is compact, 
there are only finitely many exceptional orbits. 





Figure 10 

Near an orbit of type Z/m, the orbit map is identified with 

s' Xz/„C .C/(Z/m) 

[z,v] I > [w]. 

In particular, the quotient space is a closed topological surface H, together with 
the additional structure inherited from the differentiable structure of W\ this is 
the structure of a differentiable manifold except at a finite number of points, where 
B has a conical “singularity”. One says that B is an orbifold^^^ (see §111.2. f). The 
additional structure is included in the S^-action on W. In this chapter we shall 
therefore concentrate on the topological surface B. 

We shall only need to consider the case where B is an orientable surface: 
when these objects will appear again, in Chapter VIII, they will be symplectic 
(and hence oriented). In the sequel of this section, W is thus an oriented manifold 
and the quotient surface B is assumed to be orientable as well. The projection 

W >B 

is a Seifert Gbration and the manifold W is a Seifert manifold. 



previously called a V-manifold. 
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The Seifert invariants of an exceptional orbit. Thanks to the slice theorem, a 
tubular neighborhood of an exceptional orbit looks like: 

V = S' Xz/„ 

where Z/m acts as a subgroup on and acts in a linear fashion on the disc 
c R2 = C. This action is by rotations of order m, thus the quotient is given 
by 

{z,v)r^{C^ 'ZX'V) 

for some integer /?, that is prime to m (and defined only modulo m). 

The two relatively prime integers (m, /?) with 0 < (3 < m are called the Seifert 
invariants of the exceptional orbit. 

Let us show now that V is a solid torus. Let i/ be an integer such that 
/3i/ = —1 mod m. Consider the map 

^ X 1)2 ^ gi ^2 

(z,v) I > (z'^,z~^v). 

We have 

ifiiC^zXv) = = (z^,z-‘'v) 

so that (f factors through the Z/m-action, defining a map 

if : V > X D^. 

For t G S^, we have 

(f{t • [z, v]) = (p{[tz, t;]) = {f^z'^, t~^z~^v) = t • (f{z^ v) 
for the -action on x defined by 

t-(Z, V) = {t^Z,t~^V). 

In other words, (p is an equivariant mapping. Moreover, it is clearly bijective and 
an equivariant homeomorphism, hence the tube V is indeed a solid torus. 




Figure 11 
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We have seen that any principal orbit turns m times around the exceptional 
orbit and thus meets any “meridian” at m points (see Figure 11 in which m = 3 
and 1 / = 2, where the principal orbit is 6^, composed of m segments in the figure, 
and where is a meridian). 

Examples L3. 5, Before giving the classification, let us investigate some examples. 

(1) We have seen that, if mi and m 2 are relatively prime, the S^-action on 
by 

t-{zuZ2) = {r^Zi,r^Z2) 

is effective. The orbits ( 2 ^ 1 , 0) and (0, 2 ^ 2 ) are exceptional (if mi and m 2 are 
at least 2), with respective types Z/mi and Z/m 2 . 

A tubular neighborhood of the orbit ( 2 : 1 , 0 ) is a solid torus x D‘^ on 
which acts as above. 

If a are /? are chosen both by Bezout and by equation 
f3m2 — otmi = 1 

with 0</3<mi,0<a<m2, then the orbit invariants are (mi,/?) and 
{m2, m2 - a). 

(2) Let Z/p act on by 

^ • (^ 1 ,^ 2 ) = {^Zi,^^Z2) 
where ^ = e2z7r/p ^ -g p 

This is a free action of a finite group on a compact manifold. The quotient 
is a 3-manifold, denoted L{p,q) and called a lens space^^^ of type (p,q). 
Then the circle acts on L(p, q) by projecting any action on the sphere. For 
instance, from the principal action we get an action with one exceptional 
orbit of type Z/g if g ^ 2. 

Let us now come back to the classification problem: we have a finite number 
r of exceptional orbits in W, having Z/mi, . . . , Z/m^ as stabilizers and respective 
Seifert invariants (mi, ^ 1 ), . . . , {mr,l3r)> On the other hand, we have an orientable 
quotient surface B. 

We remove r discs Di^. . . ,Dr from B around the r points corresponding to 
the exceptional orbits, and we also remove a disc Dq around a point corresponding 
to any principal orbit. This removes r -h 1 solid tori Vo, Vi, . . . , from W. 

Thus, when restricted to W — (Vo U • • • U V^), the S^-action is principal and 
has a section (even if r = 0). We choose such a section 

(j : B-{DoU--’UDr) ^ W - (Vo U • • • U V^). 



(^^This is an example of a manifold the fundamental group of which is Z/p. 
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Its boundary da has a component over each dDi^ that we call dia. Consider the 
curve dia. We know that it meets bi at exactly one point, thus {dia, bi) is a basis 
of 7 Ti{dVi). Choose a meridian a{ as above and a “parallel” £i in such a way that 
(ai,£i) is a basis of 7Ti{dVi) (oriented as {dia,bi)) (see Figure 11). 

We have ai-bi = rrii and ii'bi = Ui, and thus 

! dia = xai + y£i 

bi = -Viai + rrii£i 

that is 

{d,aM) = {a^,h) 

\ y ''H / 

where xrrii + Uiy = 1. Invert the matrix to get 



— {dia,bi) 



rrii Ui 

-y X 



Hence 

ai = rriidia - ybi 

with yui = 1 — xrrii that is —y = pi mod rrii. The meridian ai is thus written 

ai = rriidia + riibi 



where rrii is actually the order of the central orbit stabilizer in Vi and rii is con- 
gruent to pi mod rrii. 

We can now modify the section a in such a way that rii is exactly Pi’, any 
map (p : {B — UDi) can be used to modify a just by multiplication 

a^{x) = (f{x) • a{x). 

If the degree of (p\dDi is di, then dia^^ ^ dia + dibi and 

ai = rriidia^ -h {rii ~ diimPbi. 

To replace rii by Pi in the decomposition of the meridian above it is thus sufficient 
to find a map (p : B-UDi S\ such that deg(p\dDi = di and 0 < rii — dimi < rrii. 
Now use the lemma: 



Lemma L3.6. Let V be a connected surface the boundary of which has r-h 1 (circle) 
components dV = be a continuous map and let di = 

deg('0|cj. There exists an extension of 'if toV if and only if^^di = 0. 

Proof Stokes formula shows that the condition is necessary: we can assume that 
'll; is differentiable, if there exists an extension, there exists a smooth extension 
if :V ^ S^. If d6 denotes the volume form on S\ we compute 

^di= [ 'if^de= [ d{if^de) = 0. 

Jdv Jv 
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We prove the reciprocal by induction on r. If r = 0 (the case where the boundary 
is connected) and do — 0^ then -0 is homotopic to the constant map. We can use 
the homotopy to construct the extension ip: take it to be constant outside a collar 
(see Figure 12). To proceed from r to r + 1, we cut the surface along the boundary 




of a small strip connecting the components of the boundary labelled r and r + 1 
(as shown on the right part of the same figure). The boundary of the new surface 
has r connected components. Notice that the closed surface obtained from this 
new surface is the same as before. Moreover, the degree along the new boundary 
component is the sum dr + dr+i? so that the total sum is zero and the induction 
hypothesis gives the desired extension ip. □ 

Using the lemma, one can find a map (p which can be used to modify the n^’s 
over all the dDi^s for 1 ^ ^ r. This forces 

degy>|aDo = -{di-\ + dr) 

and at the same time forces an invariant f3 such that docr + f3bo is the meridian in 
Vo to appear and explains why we needed the “extra” tube Vq. This way, we have 
determined a list of (normalized) invariants: 

{g I (3, {mi,(3i),...,{mr,f3r)) 

and we have, just as in Proposition 1.3.1: 

Theorem 1.3,7. Let W be a fixed point free oriented -manifold the orbit space of 
which is an oriented surface of genus g. The diffeomorphism type of W is deter- 
mined by the list 

{g I fd, {mi,(3i),...,{mr,l3r)) 

in which r is the number of exceptional orbits, (3i is a number which is prime to 
rui and is chosen such that 0 < and (mi,(3i) are the Seifert invariants of 

the orbit numbered i. Reciprocally, given such a list one can find an -manifold 
with these invariants. □ 
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Up to the order, the list is unique once we require the Seifert invariants to be 
normalized. Previous remarks (how to get normalized invariants) show moreover 
that the gluing data 

{g I /?, {mi,(3i),...,{mr,l3r)) 
or 

{g I 0, (l,-/3),(mi,A),...,(mr,/3r)) 

or even 

{g I 0,(1,-/?- {di + • •• + 4)),(mi,/?i + dimi), . . . , {nir, f3r + driTir)) 
define the same Seifert manifold. 



1.3. d. Associated principal actions and Euler class. If VP is a Seifert man- 
ifold, then for any integer n, one can make Z/n act on VP as a subgroup of S^. 

Proposition L3.8. Let VP be an oriented Seifert manifold. Let n be a common 
multiple of the orders of the exceptional orbits. The manifold W', quotient of W 
by the Z/n-action, is endowed with an action of S^/{Z/n) = which is both 
effective and principal. 



Proof We look at the neighborhood of an orbit (principal or exceptional). We will 
prove that the action on PP' is effective and principal, and, at the same time, that 
VP' is a manifold. 

Consider a tube V, neighborhood of an orbit with stabilizer Z/m (m might 
be equal to 1), and write n = mk. On V = x the circle acts by 

t-{z,u) = {rz,t~^u). 

Take the quotient of the tube by Z/n C S^: 

Si X X 

{z,u) I > (z^,u^^). 

The quotient V' is a solid torus as well and the quotient map an n-fold covering 
(branched along the central orbit when this orbit is exceptional, that is, when 
m ^ 2). Looking at each tube, we see that the quotient W' of VP by Z/n is a 
manifold. Let us look now at the -action. The diagram 









(z, 


u) 1 














4- 



V ^V' 



{t^,t~^u) I > (imk^k^^-ymk^mk ^ (t^Z,t~^^U) 



shows that the S^-action on V {resp. VP) induces an action of S^/(Z/n) on V' 
{resp. VP') which is indeed effective and principal: after identification of and 

S^/(Z/n) by 1 1 -^ this can be written {tZ^t~^U) on tubes. □ 
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Notice that the quotient of W' by this principal action is the same surface B 
that was the quotient of W : each orbit of the action on W gives one and only one 
orbit in W'. 

To define an Euler class for the -action on W, one can try to divide by n 
the Euler class of the principal action just defined on W'. We need then to verify 
that the rational number obtained in this way does not depend on the choice of n. 
It is of course sufficient to understand what happens when a multiple n' of n is 
chosen. 

Proposition 1,3,9. Let W be a manifold of dimension 3 endowed with an action 
of the circle S^. Let W' be the quotient of W by the subgroup Z/fc of S^. Make 
= S^/(Z/fc) act on W' . The Euler class e' of the new action is e' = ke. 

Proof Use the same notation as in I.3.b. Let p be the projection of W on W'. If 
(j is a section of 

then p o a is a section of 

lU'-V' 

On Figure 13, a and b represent a meridian and an orbit in 9 Vo, a' and b' represent 




analogous objects in OVq. Now, 

p^ : TTidVo ^ tti^Vq 

sends the class of a to that of a' and the class of b to that of kb'. It sends of course 
the class of da to that of d{p o a). Thus: 

a' — e'b' = [da'] = [d{p o a)] = p^{a — eb) = a' — keb' . □ 
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Thus we get a well-defined Euler class e G Q for all (oriented, with oriented 
base space) Seifert fibrations. 

There exist other definitions of the Euler class for a Seifert fibration. We 
shall have the opportunity to meet one more later on. The interested readers may 
consult [24] for a rather complete list of definitions and references. 



1.4. Appendix: Lie groups, Lie algebras, homogeneous spaces 

Recall that a group G is said to be a Lie group if this is both a group and a manifold, 
the two structures being compatible in the sense that the group operations are 
differentiable mappings. This structure is particularly interesting, because it allows 
one to use the infinitesimal calculus. 

The main examples are the ones used in this book, the (compact) torus 
the (complex) torus (C*)’^, the linear groups GL(n;R), GL(n;C) 
and their subgroups, 0(n), U(n), and so on. 

The Lie algebra. Let G be a Lie group with unit 1. Denote by g its tangent 
vector space TiG at the point 1. Recall that the map which, to a vector field 
tangent to G, associates its value at the point 1, defines an isomorphism from the 
vector space of left invariant vector fields on G to the tangent space q (this is 
obviously a linear map, and it is easy to check that it is one-to-one). 

We can thus think of the elements of g as being vector fields on the group G. 
Moreover, the bracket of two left invariant vector fields is again a left invariant 
vector field (easy verification) so that the bracket of vector fields induces a bracket 
on g. As the bracket of vector fields, this bracket is skew-symmetric and satisfies 
the Jacobi identity 

[[X, F], Z] + [[F, Z], X] + llz, X], F] = 0, 

SO that g has, indeed, the structure of a Lie algebra, this is the^^^ Lie algebra of 
the group G. 

Here is an alternative description of the Lie bracket, through the useful no- 
tions of “Adjoint” and “adjoint” , representations. Firstly, the group acts on itself 
by conjugation 

V^gG, G >G 

h I > ghg~^. 



(^^Any Lie algebra will define (more or less uniquely, with some additional assumptions) a Lie 
group. When speaking of a Lie algebra g, I will always mean “the Lie algebra of the Lie group 
G” (whether the group G is explicitly mentioned or not). 
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We may differentiate this map at 1, this is the Adjoint action 

yg G G, Ad^ : g ^ 0 

X . . Ad,(X), 

which we may perfectly well consider as a map 

G ^ End(0) 

9 ' ^ Ad^ 

and differentiate at 1 

0 > End(0) 

X I > Rdx . 

The Lie bracket can also be defined by 

0X0 ^0 

(X,F). ^adx(T), 

namely [X,Y] = adx{Y), as is easily checked from the definitions. 

Another viewpoint on the same object: adx is a vector field on g (which value 

at y is [X, F]), this is the fundamental vector field of the adjoint action associated 

with X. 

Examples L4.1 

(1) If the Lie group G is the torus the Lie algebra is as a vector space, 
with the trivial Lie bracket [X, F] = 0, this reflecting the fact that the 
group is Abelian and thus the Adjoint action trivial. 

(2) Consider the group G = SO(n) of the positive isometries in the Euclidean 
space R’^. Differentiating the relation ^AA = Id at Id gives that the tangent 
space is the vector space g = so {n) of n x n skew-symmetric matrices. 
Using the definitions above, one sees that the group SO(n) acts on so{n) 
by conjugation (this is the Adjoint action here) and that the Lie bracket 
on g is simply the commutator [X, F] = XF - FX (this will always be the 
case with a group of matrices, notice that in this case, the Jacobi identity 
for the Lie bracket becomes obvious). 

There are other examples in the exercises at the end of this chapter. 

The exponential mapping. Let X G g. We can consider X as a vector field on 

G and, as such, integrate it: there exists a map 

] — e,e[ > G 

1 1 > (Pt{X) 

defined for ^ small enough, and such that 

= XiMX)) and MX) - 1. 
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Using the fact that G is a group, it is checked that (ft is indeed defined on R (that 
is, for all values of t) and is a group homomorphism, namely 

This allows us to define a mapping 

R X 0 ^ G 

{t,X)< 

and the exponential mapping: 

0 >G 

Xi > exp{X) ^i{X). 

Example L4.2. Let G be the torus of dimension 1, G = R/Z, so that g == R 
exp : R ^ is the. . . exponential mapping t Notice that we can also 

consider this torus as being the unit circle 

S^ = {ueC \ \u\ = l} 

and the exponential mapping 0 h-> They are not exactly the same, since the 
former has period 1 while the latter has period 2tt. We shall try to be precise, 
using the notation t for the 1-periodic coordinate and 6 for the 27r-periodic one. 

The main properties of the exponential mapping are listed in the next propo- 
sition. 

Proposition L4.3. The exponential mapping is a differentiable mapping that satisfies 

(1) exp(t + u)X = exptX • expuX, 

(2) exp{—tX) = {exptX)~^. 

Moreover, this is a diffeomorphism from a neighborhood ofO^g onto a neighbor- 
hood o/ 1 G G. 

Proof The proof of the two equalities is straightforward, starting from the defini- 
tion. The differentiability properties also come from the definition, which implies 
both the fact that exp is differentiable and that (dexp)o = Id. □ 

Remark L4.4, The exponential mapping is not in general a global diffeomorphism. 
Think for instance of the example of the circle above. 

Notice that it follows from the proposition that there is a whole neighborhood 
of 1 in the image of the exponential mapping. From this the next proposition is 
deduced. 

Proposition L4.5. In a connected Lie group, any element can be written as a 
product of exponentials. 
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Proof. A connected Lie group is path-connected. Let g be any element of the group 
G and let 7 : [0, 1] ^ G be a path from 1 to Let U be an open neighborhood 
of 1 that is included in the image of the exponential mapping. Let gi = 7 (^ 1 ) be 
an element of U D 7 ([ 0 , 1]), for some ti > 0. We select then ^2 = l{h) (for some 
t 2 > ti) in gi ‘ U n 7 ([ 0 , 1]), and so on. We thus get a covering of the compact set 
7 ([ 0 , 1]) by the open subsets gk • U, which we can assume to be finite. Hence, g 
belongs to, say, gn-i • U, so that g = gn-i exp(Xn), but gn -2 belongs to gn -2 • U, 
and so on, so that eventually 

g = exp(Xi) • • • exp(Xn). □ 

Closed subgroups of Lie groups. A classical and very useful theorem of Cartan 
asserts: 

Theorem L4.6. A closed subgroup of a Lie group is a Lie subgroup. 

The main points are, H C G being a closed subgroup, to show that 
1) = {X eQ\exp{tx)eE VtGR} 

is a vector space (this will be the Lie algebra of H), and to prove the following 
lemma. 

Lemma L4.7. Let [)' be a vector subspace supplementary to [} in q. The mapping 

^ : f) 0 {)' ^ G 

(A,A') ' > exp X' exp A 

is a dijfeomorphism from a neighborhood of 0 onto its image. 

The lemma itself is a consequence of the inverse function theorem and of the 
fact that (d(^)o(X + X') = X + X'. 

Another very important property is that homogeneous spaces of Lie groups 
are manifolds, this is what allows us to work with the orbit mappings as in §I.l.b. 

Theorem L4. 8. Let TL be a closed subgroup of the Lie group G and let 

7T : G > G/H 

be the quotient map. There is a unique manifold structure on G/H such that 

— the quotient map tt is a differentiable mapping, 

— for any point [x] of the quotient, there exists a neighborhood U of [x] and a 
differentiable local section a : U — > G o/tt. 



Notice that tt is then a submersion. 
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Proof. The quotient space G/H is endowed with the quotient topology. The Lie 
group G is Hausdorff and the subgroup H is closed, hence G/H is HausdorfF. Let 
us now look at the diflFerent lability properties. 

The proof of the uniqueness property is fairly standard. Assume (G/H)' is 
the same set but with a (maybe) different differentiable structure. Let [x] G G/H, 
we have a neighborhood U and a differentiable section 

a:U >G 

so that Idu = 7T o (7 is a differentiable mapping, thus proving that 

Id : G/H . (G/H)' 

is differentiable at [x]. The same reasoning for the “other” identity map 

Id : (G/H)' > G/H 

shows that Id is a diffeomorphism, which is the expected uniqueness property. 

Let us now prove the existence. To begin with, we prove the result in a 
neighborhood of [1] G G/H. Let us write, as in Lemma 1.4.7, g = f) 0 f)', so that 
the mapping 

^ G 

(A,X') 1 . exp(X')exp(X) 

is a diffeomorphism from a neighborhood of 0, say V onto its image. We can assume 
that y = X V{, for some Vi C (), V{ C 1)'. Let U = 7r{(p{V)). The set 

T^~\U)= U 7r“i([a:]) = (J y -R = [j tp{V) ■ h 

[x]€(7 yev>{v) heu 

is an open subset of G, as (f{V) • h is open. Hence U is open, by definition of the 
quotient topology. Now the mapping 

r : U > [)' 

[x] I ^ X' where x = exp(A') exp(A) 

is both 

- well-defined: let x G x — exp(X') exp(X) and y G H fl exp(V'), 

y = exp(F), then 

xy = exp(X') exp(X) exp(y) = exp(X') exp(Z) for some Z G f} fl F 

(because ip is a, diffeomorphism) and thus r{[xy]) = r[x], 

— and injective: if x = exp(X') exp(X) and y = exp(X') exp(T), we have 

y-'^x = (exp(y))“^(exp(X'))“^exp(X')exp(A') = (exp(F))“^ exp(X) G H, 
thus [x] = [y]. 
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We can then use r to put a differentiable structure on (7, defined so that r is a 
diffeomorphism (a local chard). Let us now prove that this structure satisfies the 
expected properties. 

The mapping 

(X,X') I ^ V 

is differentiable, and so is the mapping 

: ipiy) > V. 

It follows that the composition 

p = po : ipiy) > y[ 

exp(X') exp(X) I > X' 

is differentiable and that o p : ip{V) ^ is a differentiable mapping as well. 
But 

o p{x) = o p{exp{X') exp(X)) = t~^{X') = X 
so that o p = 7T, hence tt is differentiable. 

Now, the expected section a : U ^ G is defined as cr = exp or, an obviously 
differentiable mapping, that satisfies 

7Tocr([x]) = 7Toexpor([x]) = 7r(exp(X')) = [exp(X')] = [exp(X') exp(X)] = [x] 
so that TT oa = Id[/. 

We have thus proved the theorem in a neighborhood of [1] C G/H. To prove 
it at the other points, we just need to use the left translations 

Lx[y] = [xy]. □ 



Exercises 

Exercise LI, Fix a real number a and let R act on the torus = R^/Z^ by 

t- {x,y) = (x + ^,y + at). 

Find the orbits and show that these are submanifolds of if (and only if) a is 
rational (hint: if a is irrational, all the orbits are dense). 

Exercise 1.2. Let 0 = 0"*^ act on by 

X - V = Xv. 

Let X be the orbit space. Prove that, for the quotient topology, the only open 
subset containing the image [0] of 0 is X itself. Hence, X is not Hausdorff. Prove 
that X — {[0]} is HausdorflF (and even compact). This is of course the complex 
projective space P’^(C). 
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Exercise L3, Consider the circle acting on the 3-sphere by 

Find the orbits (they depend on mi and m 2 ). Imagine “analogous” (?) actions of 
the torus in 

Exercise L4. Prove that the orbits of the U(n)-action on the real vector space 
of Hermitian matrices are the manifolds 7i\ mentioned in the introduction of this 
book. Given a vector A G what is the stabilizer of (hint: if Ai, . . . , An are 
distinct real numbers, the stabilizer of the diagonal matrix is the torus of all 
diagonal unitary matrices.) See also Proposition II. 1.1 5 below. 

Exercise L 5. Prove that the S^-action on is semi-free. When is the S^-action 
on by zi,t'^'^ Z 2 ) free? 

Exercise L6. Let H and K be closed subgroups of G. Prove that there exists an 
equivariant map 

: G/H . G/K 

if and only if H is conjugate to a subgroup of K. 

Exercise L 7. A Lie group G acts on a manifold V. Assume there exists a nonempty 
open subset on which the action is not effective. Prove that the action on V is not 
effective. 

Exercise L8 (Surfaces endowed with principal -actions). Assume that VF is a 
closed surface endowed with a principal -action. Prove that the orbit space is a 
circle and that the equivariant tubular neighborhoods have the form x R. 

Prove that it is possible to glue all these tubes, writing = [0, l]/(0 ~ 1), 
and that W is obtained from x [0, 1] by the identification of x 0 and x 1 
through an equivariant diffeomorphism Lp. 




Show that (f is a rotation z az and that W is diffeomorphic, by an equiv- 
ariant diffeomorphism, to x S^. 

Exercise L9. Gheck that the three S^-actions on P^(R) described in §1.3 are the 



same. 
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Exercise I.IO. Recall (or prove!) that a closed subgroup of S0(3) either is conjugate 
to SO(2) or 0(2) or is finite. Use this fact to determine the surfaces that can be 
endowed with (a nontrivial!) SO(3)-action. 

Exercise LI 1. Recall (or prove) that any locally trivial (SU)bundle over the in- 
terval [0, 1] is globally trivializable. Prove that a locally trivial S^bundle over 
is isomorphic to 

[0, 1] X SV(0,2;) ~ 

{t, z) I > 

for some diffeomorphism Assume now that this is a principal S^- 

bundle. Check that is a constant a = exp(2i7rto) e and that the map 

[0, 1] X Si ^ [0, 1] X Si 

(t,z) I > {t,exp{—2iTTtto)z) 

defines a global trivialization of our bundle. Deduce that, if the orbit space of a 
principal Si -action is either a wedge of circles, or more generally a graph, or the 
complement of a point in a surface or a disc, then the fibration is trivializable. 



Exercise 1.12. Assume p and q are coprime integers, with 2 ^ q < p. Find the 
quotient and Seifert invariants for the exceptional orbit of the Si -action on the 
lens space L{p, q). Give a description of L{p, q) by gluing of two solid tori. 



Exercise 1.13. Prove that the Euler class of the Seifert manifold with invariants 

{g I is 



/3-^A 

^ m ■ 



i=l 



Hint: both sides are equal in the case of a principal action. 



Exercise LI 4. Show that the action of on by 

t {mi and m 2 coprime), 

has invariants: (0 | 1, (mi, /0)(m2, m 2 - a)) with (3m2 - ami = 1* Hint: the orbit 
invariants having been calculated in §1.3.5 and it is easy to compute the Euler 
class, then everything follows from the previous exercise. 



Exercise LI 5. The unitary group U(n) is the group of all complex n x n-matrices 
satisfying = 1. Check that its Lie algebra is 

u(n) = {Xe Mn{C) I "X + X = 0} , 

that is, the real vector space of skew-Hermitian matrices, matrices the real part of 
which is skew-symmetric and the imaginary part symmetric. 
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Exercise L16, Prove that the map 



/ 0 -z y \ 

if : {x,y,z) 1 > \ z 0 -X 

\-y X 0 / 

is a Lie algebra isomorphism from (endowed with the vector product) to 5o(3) 
(endowed with the Lie bracket) and that conjugation of skew-symmetric matrices 
by rotations amounts to the canonical action of the rotations on R^, namely that, 
for A G SO (3), the vector cissociated with the skew-symmetric matrix 

( 0 — z X \ /x 

z 0 -y j A~^ is the vector A j y 
-y X 0 J \z 

Determine the adjoint orbits. Check that the map 

R^ ^ [0, +oo[ 

II ii2 

V 1 ^ \\v\\ 

is the quotient map 5o(3) ^ 5o(3)/ SO(3). 

Exercise L17. Let G = SO(2, 1) be the group of isometries of the quadratic form 
x^ -h — z‘^ on R^. Let J be the matrix of this form. Check that A G SO(2, 1) 
if and only if ^AJA = J. Deduce that the Lie algebra of SO (2, 1) is that of all 
matrices X such that ^XJ-\- JX = 0. Prove that that 5o(2, 1) is isomorphic to R^ 
(with the Lie algebra structure given by the vector product) by the map 

/O -z y\ 

f : (x,y,z) I > z 0 X 

\y X 0/ 

and that the adjoint action is the standard action of SO(2, 1) on R^. Determine 
the adjoint orbits. 

Exercise LI 8, The special unitary group SU(n) is the group of unitary matrices of 
determinant 1. Prove that the Lie algebra su(n) is 

5u(n) = {Xe Mn[C) I ^ + X = 0 and detX = 1} . 

Check that the Lie algebra su(2) is 

{ f iO' b + ic\ , , 

su(2) = < . a, 6, c e R S 

\—b + ic —la J J 
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and that the map 



if : su(2) > 




satisfies ^{[A, A']) = 2cp{A) x (p(A'). Deduce that 5u(2) also^^^ is isomorphic to 
with the vector product. 

Exercise L19. Check that any vector in R^ is the vector product of two vectors 
of R^. Deduce that the Lie algebras 5o(3), so(2, 1), 5u(2) satisfy 

0 = 

The groups SO(3), SO(2, 1), SU(n), are said to be semi-simple. 

Exercise L20 (Adjoint orbits of SO (4)). In this exercise, we consider R^ with its 
canonical basis (ci, C 2 , 63 , 64 ) and its canonical Euclidean structure (for which the 
canonical basis is orthonormal). The special orthogonal group SO (4) acts on R^ 
by isometries and on its Lie algebra 00 (4) (the Lie algebra of 4 x 4-skew-symmetric 
matrices) by the adjoint action. 

(1) A skew-symmetric matrix A defines a skew-symmetric bilinear form on 
by 

A I > ((x,y) I — > ^xAy). 

Check that this defines an isomorphism of vector spaces 
so(4) ^^RT• 

Prove that the adjoint action defines an action of SO(4) on rhy 

(g • a)(x, y) = ot{g~^x, g~^y). 

(2) The Hodge star operator acts on /\^(R^)^ by 

2 

(★a) A P — {a, P) det M P ^ y\(R^)^ 

where ( , ) denotes the Euclidean inner product on /\^(R'^)^ for which the 
basis {e'l A e^)i<j is orthonormal and det = A A 63 A e\. Prove that ★ 
is an involution and that 

A 62) = 63 A 64, ★(ci A 63) = -63 A 64, ★(e^ A el ) = A 63. 

Determine the eigenspaces /\_^ and f\_ of ★ for the eigenvalues +1 and -1 
(respectively!), proving in particular that both have dimension 3. 

Using the quaternions, it is classical and easy to prove that the group SU(2) is a two- fold 
covering of the group SO (3), the good reason why SU(2) and SO (3) have isomorphic Lie algebras. 
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(3) Hence we have a decomposition 

A(Rr = A,®A_- 

Prove that SO(4) acts on /\_^ and f\_ by isometries. Deduce that the generic 
adjoint orbits of SO (4) are diffeomorphic with x S^. 

(4) A skew-symmetric matrix can be written, uniquely, in the decomposition 
above 

A = A+ + A_. 

The adjoint orbit of A is determined by the two numbers || ||^ and || A+ 1|^ 

or, equivalently, by the two numbers ||A+||^ + M+ll^ ~ 11-^+ 11^- 



Check that ||A+f -f ||A+f 



^ and that ||-A_^|P - ||A+||^ is (half) the 



PfafBan of A, namely, if A = (uz,j), that 

||A+f - ||A+||^ = ^(ai, 2^3,4 - ai,3a2,4 + ai,4a2,3) = ^ Pf(^)- 

Exercise L21 (Small orbits of SO(n)). Let the Lie group SO(n) act on its Lie 
algebra, the vector space so(n) of skew-symmetric matrices, by conjugation. Let 



for some real a ^ 0. 



Prove that the orbit of A consists of all the skew-symmetric matrices of rank 2 
with square norm equal to ||A||^ = a?. Determine the stabilizer of A and deduce 
that 

SO(n) • A ^ SO(n)/ SO(2) x SO(n - 2). 

This homogeneous space can also be interpreted as being the Grassmannian 
G 2 (H^) of all oriented 2-planes in What is the dimension of this orbit? 

Assume that n = 4. Prove that the Grassmannian G 2 (H^) is diffeomorphic 
to X (see Exercise 1.20). 

Let now the group SO(n) act as usual on R^, and (diagonally) on C^. Check 
that this defines an action of SO(n) on P^~^(C) and that the orbit of the point 
[1, i, 0, . . . , 0] is the quadric hypersurface of equation 






and is equivariantly diffeomorphic to our Grassmannian. 




CHAPTER II 



SYMPLECTIC MANIFOLDS 



In this chapter, we define symplectic manifolds, give their basic properties, and give 
a few examples of such objects, among which the H\s we have already met: Hx is 
the set of all n x n Hermitian matrices with given spectrum A = (Ai , . . . , An) G R’^. 
We already know that H\ is indeed a manifold, as this is an orbit of the compact 
group U(n) (see Example 1.1.6) acting by conjugation on the vector space H of all 
Hermitian matrices. We will prove that they are symplectic manifolds. 



II. 1. What is a symplectic manifold? 

II. 1. a. Symplectic vector spaces. A symplectic vector space is a real vector 
space endowed with a nondegenerate skew-symmetric bilinear form. 

Example IL 1.1, Consider a vector space F, its dual F*, and the direct sum F0F*. 
The bilinear form 

(F 0 F^) X (F 0 F^) > R 

{{x, If), {x', <p')) I > (f{x') - (fi'{x) 

is obviously skew-symmetric and nondegenerate, and thus gives F 0 F^ the struc- 
ture of a symplectic vector space. 

Example 11.1.2. Consider the complex vector space endowed with its standard 
Hermitian form, denoted 

(x,r)i .(x,y). 

We look at as a real 2n-dimensional vector space and consider the real bilinear 
form 

= Im(X,F). 

This is skew-symmetric 



Im(X, V) = Im (X, F) = - Im(X, F), 
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and nondegenerate: if Im(X, y) = 0 for all 1", then Im(X, lY) = 0 for all y , and 
(X, y) = 0 for all y , hence X = 0 since the Hermitian form is nondegenerate. 

These two examples are not very different. They are actually isomorphic, 
since there is a unique (up to isomorphism) symplectic vector space in any (even) 
dimension. More precisely, the dimension of a symplectic vector space is even and 
is the only invariant of its isomorphism type. This is a consequence of the existence 
of symplectic bases, asserted by the following proposition. 

Proposition ILL3. Let lu be a nondegenerate skew- symmetric bilinear form 
on a finite dimensional real vector space E. There exists a symplectic basis 
(ei, . . . , /i, . . . , /n); namely a basis of E such that uj{ei^fj) = Sij, and 

oj{ei,ej) =w{fi,fj) =0. 

Proof As uj is nondegenerate, it is not identically zero. Hence, there exist two 
vectors ei and fi such that o;(ei,/i) = 1. One then checks that the restriction 
of LU to the orthogonal complement (with respect to lu) of the plane (ei,/i) is 
nondegenerate. One eventually concludes by induction on the dimension — once 
noticing that an alternated bilinear form on a vector space of dimension 1 is 
zero. □ 

Example II. 1.4. Let (xi, . . . , x^) be any basis of the vector space F, (x^ , . . . , xj^) 
be the dual basis of E^. Then the basis 

((xi, 0), . . . , (x,, 0), (0, -x^), . . . , (0, -x^)) 
is a symplectic basis for the symplectic vector space F ® F'^ of Example II. 1.1. 

Example II. 1.5. Let (ei, . . . , e^) be a unitary basis of the complex vector space C^. 
Write fj = —i^j, then 

lm{ej,fk) = -lm{ej,iek) = -lm{-i{ej,ek)) = {ej.Ck) = Sj^k 
and, analogously, o;(ej,e/c) = ^{fj^fk) = 0, thus the basis 

(ci, . . . , . . . , iCn) 

is a symplectic basis of the symplectic vector space of Example II. 1.2. 



The symplectic group. This is the group Sp(2n; R) C GL(2n; R) of all “isome- 
tries” of the symplectic form. This is of course a Lie subgroup of GL(2n; R). If J 
denotes the skew-symmetric matrix 

(so that uj{x, y) = *xJy), 

Sp(2n; R) = {5 € GL(2n; R) | = J} . 
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Its Lie algebra is the space of matrices X such that 

^XJ + JX - 0, 

the linear equation obtained as the differential, at the point Id, of the equation 
^gjg -J = 0. 

The symplectic form as a differential form. Let E' be a symplectic vec- 
tor space of dimension 2n. We choose a symplectic basis, according to Proposi- 
tion II. 1.3 and write the coordinates of a vector 

n 

X = + yifi) 

in this basis, so that 

n 

0 j{x,x') = '^{Xiyl - XiVi). 

2=1 

One can thus write a; as a differential form 

n 

uj — dxi A dyi. 

2=1 

This is an exact differential form (the differential of a degree 1-form): 

n 

to = Xidyi) = -da, 

2=1 

where the form a is The 1-form a is called the Liouville form. 

Il.l.b. The definition of a symplectic manifold. Let us try now to under- 
stand what could be the definition of a symplectic manifold W. One would first 
ask that each tangent space is endowed with the structure of a symplectic vector 
space as defined above. For any x G W, we should be given a skew-symmetric 
bilinear form ujx^ say, on T^W. Of course, Ux should depend smoothly on x, in 
other words, the collection of all the UxS should be a differential 2-form on W. We 
should ask, moreover, that the skew-symmetric form oUx is nondegenerate, which 
can be expressed by writing, if the dimension (obviously even) of the manifold W 
is denoted 2n, 

n 2n 

/\w,^Qel\Jlw 

for all X, that is to say that the 2n-form is a volume form on W. Note in 
particular that, being a volume form on W, this manifold must be orientable. 

In fact this is not sufficient: the calculus that u allows on W should be 
locally the same as that on our standard linear examples. Recall from above that 
the bilinear form on a symplectic vector space is an exact 2- form (since uj = —da). 

We could try to require that the symplectic form u) on our supposed symplectic 




46 



CHAPTER II. SYMPLECTIC MANIFOLDS 



manifold is an exact form. Unfortunately, this would prevent the manifold W 
from being compact (which is a little embarrassing if one wants the Hx^s to be 
symplectic manifolds) because of the following proposition. 

Proposition ILL6. Let W be a compact manifold. There exists no 2- form on W 
which is both nondegenerate and exact. 

Proof We have said that the 2-form lu is nondegenerate if and only if is a 
volume form. Now, if u = d/3 is exact, then 

is also an exact form. This is forbidden by the Stokes formula, the integral on W 
of the volume form is positive, hence this would give: 

0^1 [ /? A = 0 

Jw Jw JdW 

since W is a closed manifold. □ 

In fact, this was not a very good idea, in order to be able to calculate locally 
as in a symplectic vector space, to use a. . . global property such as of the exactness 
of a differential form. The local notion corresponding to exactness is the notion of 
closeness. . . and eventually we can define a symplectic manifold as a pair ( W, cj) 
where W is a manifold and cu a closed nondegenerate 2-form. 

We shall very often call the manifold W itself a symplectic manifold (where 
no ambiguity is possible). 

Examples ILL 7 

(1) Any symplectic vector space, with its “constant” symplectic form Y^dxj A 
dpj is a symplectic manifold. 

(2) If U is a manifold, consider the total space of its cotangent bundle, with 
the projection: 

7T : TV > U. 

On T*U, there is a canonical^^^ differential 1-form, the Liouville form, a, 
defined by 

0!(x,v>)W = ¥’(Tx7t(X)), 

where x e V, (p E T^V is a linear form on TxV, and X E T(a, (^)(T^U). 
The 2-form u = —da is exact, hence closed. If (xi,...,x^) are local 
coordinates on V, and if {yi, . . . ,yn) are the “dual” coordinates, then 
(xi, . . . , Xji,yi, . . . ,yji) is a system of local coordinates on T^V in which 
Q; = Pidxi and oj = ^ ^Vi' This shows that uo is nondegenerate. 



Exercise 11.12 for a justification of the word canonical. 
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We shall often refer to this form u as the symplectic form on the cotan- 
gent bundle^^) . The example of F ® F'*' above may be considered as the 
special case where V = F = 11 ^. 

(3) If W is a surface, then the notion of symplectic form coincides with that of 
volume form: all the orientable surfaces may thus be potentially considered 
as symplectic manifolds. Here are two examples, that are also shown in 
Figure 1. 

(4) Consider, in particular, the unit sphere in R^. The tangent space of 
at a point v is the plane orthogonal to the unit vector t’. Put 

cUy{X, Y) = v^{X xY) = det(^, X, Y). 

This is a nondegenerate 2-form and thus a symplectic form. 

(5) The 2-torus is the quotient of by its subgroup Z^. The “constant” sym- 
plectic form dx A dy is invariant by the integral translations, hence it de- 
scends to a symplectic form on the torus. 




Remark ILLS (The symplectic volume). As we have noticed, if cj is a symplectic 
form, is a volume form. The 2n-form jn\ is called the symplectic volume 
form. Notice that 





= nldxi A dyi A • • • A dxn A dyn^ 



hence the normalization, which gives volume 1 to the torus 



more example of an exact symplectic form, on a noncompact manifold. 
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II.l.c. The Darboux theorem. The fact that all the symplectic vector spaces 
of the same dimension are isomorphic is the linear version of a more general result, 
the Darboux theorem, which asserts that, locally, all the symplectic manifolds are 
isomorphic. We will use a more general form, due to Weinstein, which describes 
symplectic manifolds in the neighborhood of certain submanifolds. 



Theorem Let uJo and ui be two symplectic forms on a manifold W. 

Assume they coincide on a closed submanifold V. Then there exists a neighborhood 
Uo ofV inW and a map 

^ : Uo > W 



such that 



'tp\y = Idy and = luq. 



Remark 11.1,10. The map if given by this statement is automatically a local dif- 
feomorphism because and because these two 2n-forms are volume 

forms. 



Corollary II. 1.11 (Darboux). Let x be a point in a symplectic manifold (W,o;). 
There exists a system of local coordinates (xi, . . . , yi, • • . , ^n) centered at x in 
which uj = ^ dxi A dyi . 

Proof of the corollary. We want to apply the theorem to the submanifold V = {x}, 
by comparing u with the (constant) form on TxW. The theorem does not allow 
this, the two forms not being defined on the same space. We must first use a local 
diffeomorphism T^W W and for instance the exponential of any Riemannian 
metric will do. 

Thus let (p = exp^, : Vb — > t/o, where Vq C TxW and Vq C W are open 
subsets, so small that is a diffeomorphism. Define loq = {p~^yujx‘ Now loq and 
uj are two symplectic forms on C/q? which coincide at x by definition. We can thus 
apply the theorem: if necessary by restricting Uq, there exists a diffeomorphism ij; 
such that = cjq- If (xi, . . . , x^, yi, . • • , yn) are coordinates with respect to a 
symplectic basis of the vector space TxW, the local chart jp o p transforms them 
into a system of local coordinates in which a; = dxi A dyi . □ 

Proof of the theorem. We apply the path method due to Moser [111]. This means 
that we consider the form ut = cuo + t{uji — ujo). This is a closed form, and, 
as Uo and ui coincide on V, it is nondegenerate on V and thus on a tubular 
neighborhood of V (nondegeneracy is clearly an open property). The segment 

[0, 1] being compact, there exists a tubular neighborhood ^7 of on which all the 

forms Ut are symplectic. 

As Uo and u\ are closed, so is cjq — cji and it is thus possible to find, on a 
neighborhood of V, a 1-form ^ such that d/3 = uo~ui. Indeed, U is diffeomorphic 
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with an open neighborhood of the zero section of a vector bundle on F, hence 
retracts on V. The Poincare lemma applies to cuo-cui. It gives us the form /3, that 
can be chosen so that = 0 for all x eV. 

The 2-form ut being symplectic, it defines a pairing between tangent and 
cotangent spaces, we thus get, for all t, a vector field Xf dual to (3 through cut, 
that is, such that ixt^t = P- We consider now Xt as a vector field depending 
on time, vanishing on V for all t. Its flow (ft keeps V fixed, thus one can find a 
neighborhood Uq of x where (ft is defined and such that (ft{Uo) C Uq. 

We thus get: 






'dut 

dt 



+ ^Xt^t 



= (ft [lui - cjo + o;o - ^i] = 0 



because Cxt^t = dixt^t+ixtdoJt = d(3 using the Cartan formula and the definition 
of Lp. The form does not depend on t, it equals ujq for t = 0 and we deduce 
the result with '0 = □ 



The theorem has corollaries which describe a normal form for a symplec- 
tic manifold in the neighborhood of a submanifold on which the symplectic form 
has constant rank. We will use the case where the submanifold is symplectic (this 
is Corollary II. 1.12), but notice that it describes, for instance, tubular neighbor- 
hoods of isotropic submanifolds (those on which u vanishes^^^) of W. It asserts 
in particular that if L is an isotropic submanifold of maximal dimension (then 
dim!/ = ^ dimW and L is said to be Lagrangian), a tubular neighborhood of L 
in W is (in a symplectic fashion) isomorphic to a neighborhood of the zero section 
in J^L (with the canonical symplectic form). 

These corollaries are deduced from the theorem as the Darboux Theorem 
is, comparing a neighborhood of the submanifold under consideration with some 
model space (the tangent space T^W in the case where the submanifold V was a 
point). We will need the notion of the symplectic normal bundle to a submanifold 
V CW on which the symplectic form has constant rank. This is simply the vector 
bundle 

(TP)7(TP) n {Tvy 

denoting by ° the orthogonality, in TW, with respect to u. This is indeed a vector 
bundle (this is the constant rank assumption) and it is symplectic in the sense 
that the fibers are symplectic vector spaces. Notice that this is indeed a normal 
bundle, namely a supplement of the tangent bundle TV C j^TW if and only if V 
is a symplectic submanifold. 



^^^This is a good opportunity to define a coisotropic submanifold, namely a submanifold V such 

that, for any point x, the orthogonal of is contained in 
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Corollary ILL 12. Let {W,lu) and be symplectic manifolds. Suppose that V 

is a manifold that embeds both in W and W', that the pull backs of u and u' have 
constant rank and such that the symplectic normal bundles ofV inW and W' are 
isomorphic as symplectic vector bundles. Then the map identifying the images of 
V in W and W' extends to a diffeomorphism ip between neighborhoods of these 
images such that p^uj' = a;. 

Proof The proof is the same as that of Corollary II. 1.11, using tubular neighbor- 
hoods of V. See, for instance, [96], for detail. □ 

Remark IL1.13. In case we need them later, notice all the proofs above become 
easily “equivariant proofs” if there is a Lie group G acting on IT, preserving the 
symplectic forms and the submanifolds^^) . This is the reason why we used p = exp^ 
in the above proof instead of any local chart: it suffices now to choose an invariant 
metric to get equi variant local coordinates. 

Remark IL1.14. A statement analogous to II. 1.9 for Riemannian metrics would 
be definitely false: in the Riemannian case, there is a local invariant which distin- 
guishes between the neighborhood of a point and the tangent space at that point, 
namely the curvature. We have just proved that there exist no local invariants in 
symplectic geometry. 

Il.l.d. Examples: U(n)-orbits in Hermitian matrices. Consider the group 
U(n) acting by conjugation on the vector space H of Hermitian matrices 

H = {Xe M„(C) \^ = X}. 

Recall that Hermitian matrices have real eigenvalues and are diagonalizable in a 
unitary basis, so that the orbits of this action are the submanifolds 

Hx = {A eH \ spectrum of A = (Ai, . . . , An)} for A = (Ai, . . . , An) G R’^. 

Let us describe first these orbits as manifolds. 

Proposition IL1.15. Assume that A consists of k distinct values with multi- 
plicities ni,...,Uk- The orbit Hx is diffeomorphic with the homogeneous space 
U(n)/U(ni) X ••• xU(nfc). 

Proof We put the eigenvalues in increasing order //i < • • • < /i/e. Then any element 
in Hx is determined by the sequence Qi,Q 2 , • - ,Qk of its eigenspaces, Qi having 
dimension the multiplicity ni of pi (recall once again that Hermitian matrices are 
diagonalizable) and the Qi’s being mutually orthogonal (Hermitian matrices are 
diagonalizable in a unitary basis). The stabilizer of the matrix corresponding to 
= {0} X X {0} is U(ni) X • • • X U(n/c). This gives the proposition. And this 



equivariant form of Corollary II. 1.12 is due to Marie [100]. 
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shows that the orbit under consideration is diffeomorphic with the manifolds of 
flags 

0 C Pi C • • • C Pfc = 

(with Pz = 0 • • • 0 Qi). n 

Examples IL1.16 

( 1 ) Complete flags. If all the eigenvalues Ai, . . . , are distinct, any element in 
H\ deflnes (and is deflned by) the family of its eigenspaces, here a family 
of pairwise orthogonal lines in One thus deflnes a bijection from H\ 
onto the manifold of complete flags in 

P(C") = {0 - Po C Pi C • • • C Pn = C"} , 

associating to a matrix h the subspaces Pi 0 • • • 0 where ii is the 
eigenspace of h corresponding to A^. The dimension of these orbits is n^-n. 

(2) Trivial case. On the other hand, if all the eigenvalues are equal, there is 
only one point in the orbit. There is not much to say here. 

(3) Complex projective space. Suppose now that Ai 7 ^ A 2 = • • • = A^. Then the 

eigenspace associated with Ai is a line and the one associated with A 2 is the 
orthogonal hyperplane. The map: : H\ ^ P’^“^(C) which associates 

the Ai-eigenspace with /i is a diffeomorphism. 

Notice that the diffeomorphism type of the orbit depends only on the multi- 
plicities of the eigenvalues, not on their actual values. 

We check now what was announced at the very beginning of this chapter: the 
orbits H\ are symplectic manifolds. To begin with, some (bi)linear algebra in the 
space of all Hermit ian matrices. 

The mapping ihis an isomorphism from the real vector space H onto the 
real vector space u(n) of skew-Hermitian matrices, which is indeed the Lie algebra 
of the group U(n) (Exercise 1.15). Now we have a symmetric bilinear form, deflned 
on H: 

(X, Y) I . tr(XT) = tvCXY). 

This is an inner product, since 

i<3 k 

The same formula deflnes a (negative deflnite) bilinear form on u(n). Notice that 
these forms are invariant under conjugation. They allow us to identify H = in{n) 
with the dual vector space u(n)'*'. 

Deflne now, for any matrix h ^ skew-symmetric bilinear form Uh on 
u(n) = Ti U(n) = iH by 



iUh{X,Y) = ti{[X, Y]ih). 
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Notice that LOh{X, Y) = iv{X{Yih — ihY)) and Yh — hY G H. The kernel of uoh is 
thus the subspace 

Kh = {Y eu{n)\[Y,ih] = ^}. 

If we differentiate the relation ghg~^ = h with respect to g^ we see that Kh is 
nothing other than the Lie algebra of the stabilizer of h for the action of U (n) on 
H by conjugation. 

Let us consider now the orbit map : U(n) ^ 7Y and its derivative 
Tifh ■■ u(n) > ThHx C H. 

We know that its image is indeed T h'Hxi that is, it is generated by the fundamental 
vector fields [X, h], and its kernel is the Lie algebra Kh of the stabilizer. Hence, ujh 
defines a nondegenerate skew-symmetric bilinear form Uh on T hH\ by the formula 

Uh{[X, h], [y, h]) = tr([X, Y]ih) for X, T G u(n). 

Thus we have defined, on any orbit Tix, a nondegenerate 2-form cu. The only 
thing which is left to prove is the fact that u) is indeed a closed form. It is enough 
to prove that 

(E^h{[X, h], [F, h], [Z, h]) = 0 for all X, F, Z G u(n). 

Now, if X denotes the fundamental vector field associated with X, namely X^ = 
[X, h], one has 

3diJ(X, Y,Z) = X-i:}{Y,Z) - Y- u(X, Z) -h Z • S)(X, F) 

+ r] , Z) + S([Z, Z] , X) + i)([Z, X] , F^ 

Now the form cu is invariant, by definition, and the vector fields are fundamental 
ones, so that the first three terms vanish. And the sum which is left vanishes 
because of the Jacobi identity in the Lie algebra u(n) (there is indeed a close 
relation between the closedness of symplectic forms and the Jacobi identity, see 
Remark II. 3. 4 and Exercise 11.27). 

Thus all the orbits H\ under consideration are compact symplectic manifolds. 
Notice that, if the diffeomorphism type of the manifold Hx depends only on the 
multiplicities of the eigenvalues, its symplectic form depends on the actual values 
of the A^’s. 

For instance, we have thus exhibited a lot of symplectic forms on P^“^(C), 
one for each pair of distinct real numbers. See Exercise 11.13. 



II.2. Calibrated almost complex structures 

Recall that is a model for the symplectic vector spaces of dimension 2n. This is 
not accidental: on any symplectic manifold, there are almost complex structures. 
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A (linear) complex structure on a real vector space E is an endomorphism J 
of E such that — 1. Analogously, an almost complex structure on a manifold 
W is a section J of the bundle EndTfy such that = - Idj^w for all x in W. 
For instance, if VF is a complex manifold (namely a manifold with complex holo- 
morphic change of local coordinates), its tangent space TxW at any point has a 
natural structure of complex vector space and the multiplication by i is an almost 
complex structure. This is the situation we are trying to mimic: J plays the role 
of multiplication by i. Note that J gives JW the structure of a complex vector 
bundle, each IxW becoming a complex vector space by 

(a + i6) • ^ + hJ^. 

Let, for instance, W be an oriented surface, endowed with a Riemannian 
metric, in such a way that we have a notion of rotation by +7t/2 in every tangent 
plane. The family of all such rotations defines an almost complex structure on W, 
thus any oriented surface admits almost complex structures. Of course, not any 
manifold, even of even dimension, even oriented, may be endowed with an almost 
complex structure^^^ . 

In the standard Hermitian product decomposes into its real and imagi- 
nary parts: 

(u, v) = (u, v) + v) 

the Euclidean inner product of and its symplectic form, respectively. One 
easily checks that u{iu^v) is the Euclidean inner product and moreover that 
u{iu^iv) = uj{u^v): multiplication by i is an isometry of u. We now try to mimic 
this situation in the following definition. 

An almost complex structure J on a symplectic manifold (W, u) will be called 
calibrated^^^ if J is an “isometry” of u; and if the symmetric bilinear form uj{JX, Y) 
is positive-definite at each point. 

II. 2. a. The linear case. The linear group GL(2n, R) acts on the space of com- 
plex structures on R^^ by conjugation: g • J = gJg~^. Using a J-complex basis, 
one sees that this action is transitive and that the stabilizer of a given almost 
complex structure Jq is the group of all complex (for Jo) automorphisms. In other 
words, the set of all linear almost complex structures on R^’^ can be identified 
with the homogeneous space 

X = GL(2n,R)/GL(n,C). 



(5)por instance, it can be shown that this is not the case for the 4-sphere, 
implicitly: “by the symplectic form” . 
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Let US now show that there exist calibrated complex structures on any sym- 
plectic vector space {E, u). First choose a Euclidean inner product (X, y). As ( , ) 
and 00 are nondegenerate, the relation (X, AY) = lo{X, Y) defines an isomorphism 
A : E E. Write the polar decomposition of A, namely A = BJ^ were B is 
symmetric positive definite, A and B commute and J is isometric. 

Lemma II. 2.1. The endomorphism A is skew- symmetric, J is an isometry for oo , 
it satisfies = — 1 and JB == BJ. 

Proof We have 

(X, AX) = c^(X, y) = -UJ{Y, X) = -(AX, y) 
thus A is skew-symmetric. Writing J = B~^A, we get 

V = ^A^B~^ = -AB~^ = -B~^A = -J. 

But J is an isometry, so that ^JJ = 1, and J is indeed a complex structure. 
Moreover 

\BJ) = ^J^B = ^JB = -BJ 

hence B and J commute, thus A and J commute as well, and we are done: 

oo{JX, JY) = ( JX, AJY) - ( JX, JAY) - (X, AY) = a;(X, Y), □ 

Now the inner product defined by B is 

{{X,Y)) = {BX,Y)=uj{JX,Y), 

We have shown the existence, on every symplectic vector space, of calibrated com- 
plex structures. Moreover, the form ((,))+ , ) is Hermitian. 

Remark II.2.2. Doing the construction of J above fiberwise gives the fact that any 
symplectic vector bundle has the structure of a complex vector bundle. 

Now that we know that there exist calibrated complex structures, we show 
that the set of all such structures is contractible. The proof given here is due to 
Sevennec (see [ 12 ]), another proof is sketched in Exercise 11.16. Denote by Jc{oo) 
the set of almost complex structures calibrated by oo. 

Proposition II.2.3. Let Jo be a complex structure on calibrated by the form oo. 
The map 

^(J + Jo)"^o(J- Jo) 

is a diffeomorphism from Jc{oo) onto the open unit ball in the vector space of 
symmetric matrices S such that JqS SJq = 0. 



Corollary II.2.4. The space Jdpo) is contractible. 



□ 
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Proof. The endomorphism J + Jo is invertible, since, for x ^ 0, 

Lu{{J + Jo)x, x) = Uj{Jx, x) + Lo{JqX, x) > 0. 

Thus the map in the statement is well-defined. Now, we put A = o so that 
5 = (J + Jo)“U(J- Jo) 

= (Jo o (Jq-^ + J))-i o (Jo o (J - Jo)) 

= (^ + Id)“U (>1 - Id) . 

We want to prove that \\S\\ < 1, that is, that \\Ax - x\f < \\Ax + x||^ for all x 0. 
But, 

ll^lx + x\f - \\Ax - x\f = A{Ax) • X 

= 4a; (Jo o Ax^x) 

= 4o;(Jx,x) > 0. 

Now, J is calibrated if and only if for any x, y e 

a; ((Id -S) X, (Id -S) y)=LO ((Id +5) x, (Id +S) y ) , 
which is equivalent to 

u (5x, y) -\-oo (x, Sy) = 0. 

Hence J is calibrated if and only if S is symmetric. Moreover, J is an almost 
complex structure (J“^ = — J) if and only if Jo^ + *5Jo = 0. 

Conversely, let 5 be a symmetric matrix such that 11511 < 1, which implies 
that Id —5 is invertible and that the endomorphism 

J = Jo O (Id +5)0 (Id -5’)“^ 

is well-defined. The two maps J ^ S and S ^ J are obviously inverse of each 
other. □ 

II. 2. b. Calibrated almost complex structures on a symplectic manifold. 

Let W be a 2n-dimensional manifold endowed with a symplectic form uo. With its 
tangent bundle are associated the bundles 

J {JW) > W with fibre Jn 

Jc {TW,lu) > W with fibre Jc{u) 

of almost complex structures, resp. calibrated almost complex structures on W. A 
calibrated complex structure is simply a section of the bundle Jc (TW,a;) W. 
As this bundle has a nonempty contractible fiber, we get: 



Proposition IL2.5. The space of almost complex structures calibrated by uj is 
nonempty and contractible. □ 
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This proof gives in particular the existence of a calibrated almost complex 
structure on any symplectic manifold. This can be proved directly, in the very same 
way that we have proven the existence of a calibrated (linear) complex structure 
on We just have to replace the inner product by a Riemannian metric and 
to notice that the map B = y/^AA in the polar decomposition is smooth. 

Remark IL2,6. The symplectic form lo induces a symplectic form on any submani- 
fold of W which is preserved by a calibrated almost complex structure. Indeed, if 
j : Z CW is the inclusion of such a submanifold, is nondegenerate: 

\/ X eJ,Z-{0},3Y e J^Z such that u{X, T) / 0 
because Y = JX works. 



The equivariant case. Assume now that our symplectic manifold W is acted 
on by a compact Lie group G. Assume that the G-action preserves the symplectic 
form in the sense that 

9 ^ G g^uj = u. 

Due to the compactness of G, we know that there exists an invariant Riemannian 
metric ( , ) on IT (see §1.2. a). The calibrated almost complex structure J obtained 
by the method above (polar decomposition) is invariant. To prove this, it suffices 
to prove that the field of endomorphisms A defined by 

is invariant. Let ^ G G, x G IT, X G Yg ^W , Y G YxW . Then 

{X,l^go A:^{Y))g.:c = by invariance of (,) 

= >^x{Tx 9^^){X),Y) by definition of 
= LUg.x{X^ Txg{Y)) by invariance of u 
— l^X^Ag.x ^Yxg{Yy^g.x- 

This shows that Ag.x o Yxg = Txg o Ax, that is, that A is invariant. 

Examples. Once the orbits H\ of U(n) have been described as fiag manifolds of 
they clearly have a natural additional structure: they are complex manifolds. 
As above, the complex diffeomorphism type depends only on the multiplicities. 
Let us describe the underlying almost complex structure. One can write u(n) = 
u(ni) 0 • • • 0u(nfc) 0 m where m is a complex vector space. One simply decomposes 
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in blocks a matrix A in an orbit with multiplicities rzi, . . . , n/e- 

/ Xi,2Xi,3 ••• \ 

-^1,2 A2 X2,3 






I Xk-i,k 

V J 

where Ai G u(n^) and Xij is a complex matrix. The complex structure on m is 
given by the complex structure of the spaces where the blocks Xij live, not by the 
complex structure of the space of big matrices: if 



X - 



/ 0 Xi,2Xi,3 - \ 

-^ 1,2 

-'^ 2.3 

V ; : i ; / 



G m 



call j(X) the same matrix with each Xk^i replaced by iXk,i: this is the complex 
structure of m. Of course, m is not a Lie subalgebra of u(n), but g — u(ni) 0 • • • 0 
u(nfc) is. 

Now m is a good representative of the tangent space to the homogeneous 
space U(n)/U(ni) x ••• x U(n/e) at the point image of Id G U(n), and it has 
a natural complex structure. Everything is invariant enough to define something 
on H\. 



Fix a diagonal matrix D = (//i, ..., /ii, in the orbit H\ with 
/xi < • • • < /Xfc (so that the stabilizer of D is indeed U(ni) x • • • x U(n/e)). Any 
element in T dH\ can be written in a unique way as [X, D] for some X G m (the 
tangent space to the orbit is generated by fundamental vector fields, the uniqueness 
comes from the specification X G m, this subspace being a supplement of the Lie 
algebra of the stabilizer). 

Define now Jd[X, D] = [j(X), D] in such a way that is a complex structure 
on T d'H\. Let now h — gDg~^ be any element in the orbit. Any element in ThH\ 
can be written uniquely (once g is chosen) as [gXg~^, h] with X G m. Put 

Jh [gXg~^,h] = [gj{X)g-'^ ,h] 

thus defining an almost complex structure J on the orbit H\. This complex struc- 
ture is calibrated by the symplectic form a), as is shown in Exercise 11.19. 



Kahler manifolds. Assume now that VE is a complex manifold. That is to say, 
the almost complex structure J is the multiplication by i. Suppose that ( , ) is 
a Hermit ian metric on W. Its imaginary part is a (type (1,1)) nondegenerate 2- 
form uj. If oo is symplectic, that is to say, if it is closed, one says that the metric 
is Kahler. The manifold W endowed with this metric and with the form cu is also 
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called Kahler. By its very definition, the complex structure is calibrated by the 
Kahler form. Moreover, in a Kahler manifold, the symplectic volume form 
associated with the Kahler form is also the Riemannian volume. 

Kahler manifolds are very common: any complex submanifold of a Kahler 
manifold is Kahler (for the induced (1, l)-form), thus all projective complex alge- 
braic manifolds are Kahler — it suffices to prove that the projective space is, and 
it is (see Exercise 11.21). 



II.3. Hamiltonian vector fields and Poisson brackets 



II.3 .a. Hamiltonian vector fields. Being nondegenerate, the symplectic form 
(j defines a pairing between the tangent and cotangent spaces of W (already used 
in the proof of II. 1.9). In particular, for any function H : W there is a 

symplectic analogue of the gradient, namely a vector field Xh defined by 

Lu{Y,XH{x)) = {dHUY) VKgT.IK, 

that is, by — ~dH. We shall call Xh the symplectic gradient of H or the 
Hamiltonian vector Geld associated with H. If X is the Hamiltonian vector field 
associated with a function if, we shall also say that if is a Hamiltonian for X. 



Remark IL3.L As u is nondegenerate, the zeros of the vector field Xh are precisely 
the critical points of the function if. 



Example IL3.2. Consider, on the symplectic manifold C'^ with the standard (linear) 
symplectic structure, the function 




From 



one gets 



n n 

dH = Xjdxj + Vjdyj and u = dxj A dyj^ 




Vj 



-h Xj 



d 



dxj ^ dy 



Remark IL3.3. If J is an almost complex structure calibrated by a;, and if grad 
denotes the gradient for the Riemannian metric uj{JX,Y), then Xf = Jgrad/. 



A vector field A on W will be said to be Hamiltonian if the 1-form ix(^ is 
exact, locally Hamiltonian if this 1-form is closed. One writes H{W) and H\oc{W) 
respectively for the spaces of Hamiltonian and locally Hamiltonian vector fields 
on W. 
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II.3.b. The Poisson bracket. Assume now that H and K are two functions 
on W. Their Poisson bracket {H^ K} is the function defined by the formula 

{H,K} = XH^K = dK{XH). 

It follows from this definition that 

{H,K} = dK{XH)=uj{XH^XK) 

= -uj{XK,XH) = -dH{XK) 

= -XkH = -{K,H}. 

The Poisson bracket is thus skew-symmetric in H and K. This is also a derivation, 
this is to say that it satisfies the Leibniz identity: 

{H, K1K2 ] = {H, Ki}K 2 + Ki {H, K2} . 

Using the general formula 

Lxiy - = ^[x,y] 

(see Exercise 11.24) and the Cartan formula 

Lx = dix + ixd, 



one gets 



^[Xh,Xk]^ = Lxh^Xk^ - ^Xk^Xh^ 

= dixn'^XK^ + '^Xh^'^Xk^ - 'IXk^'^Xh^ ~ 'IXk'^Xh^^ 

= dixn'^Xx^ — di^i^K.Xn)) = -d {H, K} , 
that is, the fact that 

[Xh.Xk]=X^h,k}^ 

Hence we also have, for any three functions /, g and /i. 



[Xf,Xg]-h = {{f,g},h}. 



From this, we shall deduce that the Poisson bracket also satisfies the Jacobi identity 



{/, {9, M) + {9, {h, /}} + {h, {/, 3 }} = 0 

and thus that it defines the structure of a Lie algebra on Moreover, the 

mapping 

e^{w) ^ x(W') 

Hi >Xh 

is a morphism of Lie algebras from 6^ (IF) (endowed with the Poisson bracket) 
into the Lie algebra of the vector fields (endowed with the Lie bracket). 
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Proof of the Jacobi identity. By definition of the Lie bracket of vector fields, one 
has 

[Xf,x,]-h = Xr{x,-h)-x,-{Xfh). 

Using the definition of the Poisson bracket and the previous inequality, one gets 

{{f,g},h} = [Xf,X,]-h 

= Xf{X,-h)-X,-{Xfh) 

= Xf{g,h}-X,-{f,h} 

= {f, {g,h}} - {g,{f,h}} , 

which is equivalent to the expected identity. □ 

Remark IL3.4. The fact that the Poisson bracket satisfies the Jacobi identity is 
equivalent to the fact that the symplectic form is closed. This is one more good 
reason to insist that only closed 2- forms are symplectic. See Exercise 11.27. 

II.3.C. Poisson manifolds. More generally, a Poisson bracket on a manifold V 
is a Lie algebra structure, denoted { , }, on the vector space C^(U) of functions, 
satisfying the Leibniz identity. This notion was first investigated by Lichnerow- 
icz [97] and by Weinstein [130]. 

It is strictly larger than the notion of symplectic manifold. Here is a family 
of examples of Poisson manifolds which are not symplectic. 

The dual vector space to a Lie algebra. Let g be a Lie algebra and let 
be the dual vector space. Notice that, up to now, this is only a vector space. 
In particular, the Lie algebra structure of g defines no (canonical) Lie algebra 
structure on g*. What it does define is a canonical Poisson structure^ created by 
Kirillov, Kostant and Souriau [84, 87, 123] and which I describe now. 

For f,g e and ^ G 0"*" one writes: 

{f,g} (0 = i^,Wi,dg^]) 

where df^ : R is identified to an element of g (by biduality). The 

Jacobi identity for { , } is easily deduced from that for [ , ] in g. 

There is no reason why should be a symplectic manifold. For instance, 
nothing prevents its dimension from being odd. 

The perspicacious reader will already have realized that there is a relationship 
between this general construction and that of the symplectic form on Hx in § Il.l.d. 
There we have considered the Lie group G = U(n), its Lie algebra g = u(n), 
the dual being identified to W — iu{n) by the invariant inner product tr{XY). 
Modulo these identifications, the formal analogy with the definition of { , } is only a 
special case of a forthcoming result (see § II. 3. c): the coadjoint orbits are symplectic 
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submanifolds of in the sense that, when restricted to any orbit, the Poisson 
bracket is the same as the one defined by the symplectic form of the orbit. 

Adjoint and coadjoint actions. As we have seen in the Appendix to Chap- 
ter I, any Lie group G acts on its Lie algebra q through the adjoint action, the 
fundamental vector field associated with X e Q being 

0 x^ = [x,r], 

To define the coadjoint action we merely have to transpose the adjoint G-action 
on 9: 

(Ad*^,X) = (e,Adg-iX) 

where Greek letters denote elements of Latin ones elements of 9, and brackets 
duality. Thus Ad"^ is a (left) G-action on 9"*". Of course, the fundamental vector 
field on 9"^ associated with X G 9 by the coadjoint action is defined by 

Remark 11 . 3 , 5 . The principal orbits of the coadjoint representation of a compact 
connected Lie group have a maximal torus as stabilizer. 

Indeed, as the group G is compact, it is easy to define an invariant inner 
product on its Lie algebra 9, and this allows us to identify 9 with its dual. The 
assertion is then equivalent to the fact that the stabilizer of any X G 9 for the 
adjoint representation contains a maximal torus. The infinitesimal analogue of this 
assertion — that is, the centralizer of any element in 9 contains the Lie algebra of 
a maximal torus — is an easy consequence of the fact that all adjoint orbits meet 
the Lie algebra of any maximal torus (see [25]): if X G t, its centralizer contains t. 

The symplectic form on the orbits. Just rewriting what we did for H\ 
in §II.l.d, one defines for any ^ G 9"*" a skew-symmetric bilinear form on 9 by 

o;j(X,y) = (e,[A,F]). 

Lemma H. 3 . 6 . The kernel of is the Lie algebra 9^ of the stabilizer of ^ E for 
the coadjoint representation. 

Proof Let X, T G 9. By the very definition of Ad"*^, we have: 

(^^exp(-tX) ^5 ~ (C? ^dexp(tX) ^)- 

Differentiating at 0 with respect to t: 

AdLp(_,;,) e|t=o, y) = (e, I adexp(tx) 1^) 

= (^,[X,y])=a;5(A,y). 



Thus the kernel of u>^ is 0^. 



□ 
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In particular, defines a nondegenerate skew-symmetric bilinear form on 
0 / 0 ^, a vector space of which we know (from §I.l.b) that it is identified with 
T^(G -^) C 0 "*". The proof that there exists a canonical symplectic structure on 
each coadjoint orbit, induced by the canonical Poisson structure of 0 "^, proceeds 
exactly as the proof we have written for the orbits H\ in §II.l.d (Exercise 11.29). 

The symplectic foliation. In general the Poisson bracket of a Poisson manifold 
W defines nothing on a submanifold P C VP. If it defines a Poisson bracket, 
that is, if {f^g} depends only on f\y and g\v, then V is said to be a Poisson 
submanifold. If moreover, the restricted Poisson bracket on V can be defined by a 
symplectic form, then E is a symplectic submanifold. 

Now, any Poisson manifold has a symplectic foliation, a (singular) foliation 
the leaves of which are the maximal symplectic submanifolds. I will not discuss 
this in great generality, but refer the reader to [96] or [125] for instance. However, 
in the case of the dual 0 * of the Lie algebra of a group G, this is quite simple: the 
symplectic leaves are just the coadjoint orbits. 



Exercises 

Exercise ILL Let a; be a skew-symmetric bilinear form on a real vector space E. 
Prove that there exists a basis ei, . . . , /i, . . . , /r, ^ 1 , . . . , of E such that 

= uj{ei,ge) =co{fi,ge) =uj{ge,gm) = 0 

for all indices i, j, f and m. 

Assume that dim E = 2n. Prove that uj^'^ ^ 0 if and only if uj is nondegen- 
erate. 

Exercise IL2. Gheck that the formula 

1 

LU = — dzj A dzj 
defines a symplectic form on C^. 

Exercise IL3 (The symplectic group). Prove that Sp(2; R) = SL(2; R). What is the 
dimension of the kernel of the linear map A ^AJ -f JAl Deduce that Sp(2n; R) 
has dimension 2n? -h n. In a symplectic basis of R^’^, write a matrix by n x n 
square blocks: 




To which conditions on A, B, C and D does this matrix belong to the Lie algebra 
sp{2n; R)? to the Lie group Sp(2n; R)? 
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Exercise IL4. Let E be an even dimensional vector space and let cj, a;' be two 
symplectic forms on E. Prove that the symplectic groups Sp{E,u) and Sp{E^uj') 
are conjugated subgroups of GL(£'). 

Let Q.{E) be the space of all symplectic forms on the vector space E. Prove 
that the linear group of E acts on this space by 

{g^u){X,Y)=u{gX,gY). 

Deduce that Q{E) is in one-to-one correspondence^^) with the homogeneous space 
GL{E)/Sp{E), where Sp{E) is the symplectic group Sp{E,uo) for a given form 
ujQ on E. 

Exercise IL5. Let be endowed with the standard symplectic struc- 

ture. Consider the subgroups 0(2n), Sp(2n;R), GL(n, C), U(n) and compute the 
intersections of any two of them. 

Exercise IL6. Let A G Sp(2n). Check that the matrices and A~^ are similar^®). 
Show that A is an eigenvalue of A if and only if is also an eigenvalue, and that 
both occur with the same multiplicity. 

Exercise II. 7. Let A G Sp(2n). Prove that it can be written in a unique way as a 
product 

A = sn 

where S is the positive definite symmetric and symplectic matrix S = yj AT' A and 
Q is the orthogonal matrix Q = A. Prove that, in addition 

n = S~^A G Sp(2n) n 0(2n) = U(n). 

Deduce that, as a manifold, the symplectic group Sp(2n; R) is diffeomorphic to the 
Cartesian product of the group U(n) with a convex open cone of a vector space of 
dimension n(n-f- 1) and thus that it is path-connected. Determine its fundamental 
group. 

Exercise IL8. Prove that the symplectic form on given in Examples II. 1.7 can 
be written, in coordinates (x,t/,z) G R^, 

LU = xdy Adz T- ydz Adx Y zdx A dy. 

Endow the sphere with the cylindrical “coordinates” 

[7T,-7r[x] - 1,1[ > - {N, S} 

{0,z) I > (a/ 1 — COS0, Vl — sin0, z). 



^^^This is actually a homeomorphism. 
(8) Thus A and are similar too. 
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Check that the symplectic form can also be written 

u = d6 Adz 

(so that this is the area form on S^, the one that gives it total area An). 

Exercise IL9, Consider the tangent bundle to the unit sphere of as the 
submanifold 

TS” = {(g,p) G X R"+i I ||gf = 1 and p • ^ = o} . 

Endow X R^“^^ with its symplectic form u = Y^dpi A dqi. Prove that 

is a symplectic submanifold. Using the Euclidean metric (already present in the 
very definition of the sphere), identify TS’^ with T*S^. Compare the symplectic 
form above with the canonical symplectic form of the cotangent bundle. 

Exercise IL 10. Let Vn denote the space of all oriented affine lines in R’^'^L Prove 
that Vn can be identified with the submanifold 

{(u,u) G R^+^ X R^+^ I ||u|| = 1 and u • = 0} . 

Deduce that Vn can be endowed with the structure of a symplectic manifold. 

Exercise 111 1. What is the symplectic normal bundle of a Lagrangian submanifold? 

Exercise 11.12 (The Liouville form is canonical). A differential 1-form on a manifold 
V can be considered as a section of the cotangent bundle T^U, 

T ] : V > r U T]{x) G J^V. 

Denote by a the Liouville form. Prove that 

rj^a = T]. 

Exercise 11.13. We consider the symplectic form u on the orbit H\ for A = (/ii, /X 2 ) 
with /ii ^ /X 2 (so that the orbit is a complex projective line). Compute lu in 
terms of //i and // 2 - 

Exercise 11.14. Let be the set of all nondegenerate skew-symmetric bilinear 
forms on R^’^, and, for u G let Jc{<jo) be the set of almost complex structures 
calibrated by u. The symplectic group is denoted by Sp(2n; R). Using the action 
of GL(n; R) on by {g,uj) 1 -^ we have proved in Exercise II.4 that 

Q.n = GL(2n, R) / Sp(2n; R) . 

Prove that 

Jc{oj) ^ Sp(2n;R)/U(n). 
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Exercise IL 15. Assume J is a (linear) calibrated complex structure on the sym- 
plectic vector space E. Show that the bilinear form (x,y) i-^ lo{x, Jy) = {x,y)j is 
an inner product on for which one has 

^ = {jEy 

< E^ = {JE)^ 

JEnE^ = 0 , 

° and denoting orthogonality respectively for lu and ( , )j. 

Let L be any Lagrangian subspace of Check that JL G Al (the space of 
all Lagrangian subspaces transversal to L) and that JL = L-^ (for ( , ) j). Deduce 
that there exists a basis (xi, . . . , Jxi, . . . , Jxn) of R^^ which is symplectic. 

Exercise 11.16. Let L be a Lagrangian subspace. If J G v7c(<^), JL G Al and ( , )j 
defines a positive definite symmetric bilinear form on L. 

(1) Conversely, given L' e L and an inner product ^ on L, construct an element 
of Jc{io)\ for a nonzero vector x G L, consider its ^-orthogonal x~^ C L as 
a subspace of E. Now (x-^)° is an n + 1-dimensional subspace of E. Show 
that dim (x~^) fi L' = 1. Define Jx to be the unique vector of this line such 
that Lu{x^Jx) = 1 and check that this defines the required element of ^c(<^)* 

(2) Deduce that there is a one-to-one correspondence between Jc{uj) and Al x 
Q{L)^ where Q{L) is the set of all positive definite quadratic forms on L. 

(3) Prove that Al can be identified with the vector space of all symmetric nxn 
matrices. 

(4) Deduce that Jc{oj) is contractible. 

(5) Consider Cn = {(a;, J) | J is calibrated by uj}. Show that Cn can be iden- 

tified with the homogeneous space GL(2n, R)/ U(n). Show that the first 
projection Cn is a homotopy equivalence. 

Exercise 11.17 (The Nijenhuis tensor). Consider, on an almost complex manifold 
W, J, the “Nijenhuis tensor” 

N{X, Y) = [JX, JY] - J[X, JY] - J[JX, F] - [X, F]. 

(1) Check that, if X i-^ is C-linear (in the sense that it commutes 

with J), then X = 0. 

(2) Show that N is actually a tensor, that is: X(X, F) depends only on the 
values X(x), F(x) and not really on the vector fields X and F. 

(3) Compute X(X, JX) and deduce that, if IF is a surface^ N vanishes identi- 
cally (on vectors) and everywhere (on IF). 

Exercise 11.18. For any map / : R^^ ^ C and any vector field X on R^^, recall 
that X • / = X • (/i + 2 / 2 ) = X • /i + zX • /2 so that / X • / is a complex linear 
map. 
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(1) Let be endowed with an almost complex structure J and suppose / is 
a holomorphic function, that is df o J = i df. Show that df {N{X, Y)) = 0 
for all X, Y. 

(2) Suppose there exist n holomorphic functions on which are independent 
at some point x. Show that N identically vanishes at x. 

(3) Assume VL is a complex manifold and J is its (integrable) complex structure. 
Show that the Nijenhuis tensor vanishes identically and everywhere on W. 

Exercise II. 19. We consider here the complex structure J and the symplectic form 
ui on Hx as defined in §II.l.d. Show that uj {JX, JY) = u{X,Y): the complex 
structure is an isometry of Compute u (X, JY) in terms of the blocks in X and 
Y and in terms of the pj. Deduce that (if the pj are as above) (j{X^JY) is a 
Riemannian metric on H\. Thus J is calibrated by uj. 

Exercise 11.20. Calling d', d" the Dolbeault operators defined by 

consider the function / : ^ R defined by f{v) = log Let uj be the 

2-form Lu = id'd"f. Show that a; is a Kahler form on 

Exercise 11.21. Let ^ (0 ^ fc ^ n) be the affine charts in P’^(C): 

Uk = {[xo,. . .,Xn]\xkj^ 0} and (pk ([xq,. . . ,Xn]) = { — ) G 

K^kJi^k 

Let (jj be the Kahler form on defined in Exercise 11.20. Put Uk = so that 

uJk = id' d" \og~^^ . 

\Xk\ 

Show that, on (7^ fl [//, Uk and ui coincide. Deduce that the cj/e (0 ^ fc < n) define 
a Kahler form on P^(C). The associated Kahler metric is called the Fubini-Study 
metric. 



Exercise 11.22. Prove that the Kahler form of Exercise 11.21 is given, in coordinates 
x + %€CcCU{oo}=pi(C), 



by the formula 



Compute the area 



dx A dy 

(1 + 



/ 

Jp^C) 
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Using stereographic projection, prove that this to agrees, up to a scalar factor, 
with the symplectic area form (also called lu) on S^, as described for instance in 
Exercise II.8. 

Exercise IL23, Prove that the assignation X ixoo defines a surjective linear map 
'H\oc{W) R). Deduce an exact sequence of real vector spaces: 

0 > n{W) > Uioc{W) ^ H\W] R) > 0. 

Exercise IL24, Let a be a differential form and X, Y be two vector fields on W . 
Show that 

CxiyOL - iyllxOi — i[x,y]Ot’ 

Hint: one can check the formula when a is a l-form^^\ then by induction for 
decomposed fc-forms a\ A a 2 where is a 1-form. 

Exercise IL25. Let a; be a symplectic form and let X and Y be two locally 
Hamiltonian vector fields. Prove that 

— dix'^y^ 

and deduce that the Poisson bracket of two locally Hamiltonian vector fields is 
(globally) Hamiltonian. 

Exercise IL26. Let X be a skew-Hermitian matrix. Recall, from §11.3. c, that the 
fundamental vector field associated with X G u(n) on H (for the U(n)-action by 
conjugation) is X^ = [X^h]. Deduce that the function 

fx : Hx > R 

h I > tr{iXh) 

is a Hamiltonian for the vector field X. 

Exercise IL27. For any nondegenerate (but not necessarily closed) 2- form u on 
a manifold VP, define Hamiltonian vector fields and a bracket { , } on functions. 
Prove that lu is closed if and only if { , } satisfies the Jacobi identity. 

Exercise IL28. Let Q denote the vector space of all quadratic forms on R^’^. 
Determine its dimension. Endow R^^ with the standard linear symplectic form 
uj = Y^ dxi A dyi. Prove that Q is stable under the Poisson bracket and that the Lie 
algebra (Q,{ , }) is isomorphic with the Lie algebra sp(2n;R) of the symplectic 
group Sp(2n; R). 



example, using local coordinates. 
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Exercise IL29. Let G be a Lie group. Prove that the bilinear form defined, for 
^ ^ 0*7 by the formula 

c.^(x,y) = (e,[x,y]) 

defines a closed 2 - form on the orbit of ^ in 0 *. Hint: look at the proof in the case 
where G = U(n). 

Exercise IL30 (Geodesic flow on the round sphere). In this exercise, we consider 
the unit sphere in its tangent bundle and the symplectic form defined 

in Exercise IL9, the notation of which we use. Gonsider the Hamiltonian 

H{q,p) = Ibll 

which is smooth outside the zero section. Prove that, there, 

.. n+l ^ n+1 ^ 

^ ^ (q,p) (TS^) {(Q, P) I (3 . g = 0 and p • Q + P q = 0} . 

The fiow of Xh is called the geodesic Sow on the sphere (although this is rather 
a fiow on TS’^). Prove that the trajectory of a given point (q,p) projects (on S’^) 
onto the great circle defined by the plane (q, p) (this is the geodesic through q with 
tangent vector p) . Prove that H is the periodic Hamiltonian associated with the 
S ^-action on the complement of the zero section by rotations 

e'® ■ {q,p) = ((cos 6 »)g + -(Ibll sin0)q + {cos9)p^ . 



Exercise IL31. Let IT be a Kahler manifold of complex dimension n endowed with 
a real structure, namely an involution S which is anti-holomorphic, in the sense 
that, for any holomorphic function 

f:U .C 

defined on an open subset of W, the function 

7^ : S{U) > C 

is a holomorphic function. Prove that the set Hr of fixed points of S (the real part 
of IT) is a submanifold, all the connected components of which have dimension 
n. . . , but that Hr can be empty. Assume now that S satisfies S'^uj = —uj. What 
can be said of the components of ITr? 

Work out the examples of the involution 

S{[zo,...,Zn]) = Zn] 
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taking W = P’^(C), respectively taking for W the quadric of homogeneous equa- 
tion 

n 

2=0 

Determine a Kahler manifold that contains the sphere as a Lagrangian sub- 
manifold. 




CHAPTER III 



SYMPLECTIC AND HAMILTONIAN 
GROUP ACTIONS 



In this chapter, we define symplectic and Hamiltonian actions. These are the main 
topics of this book, so that we spend some time on their properties. Hamiltonian 
actions of tori of maximal dimension are a special case of integrable systems. We 
prove (this is the Arnold-Liouville theorem), that they are also the local form of 
all integrable systems with compact level sets. 



111.1. Hamiltonian group actions 

111.1. a. Symplectic actions. We have already said that a G- action on the sym- 
plectic manifold {W,u) is symplectic if any element ^ of G defines a diffeomorphism 
which preserves u: 

g^cu — uj. 

Let us write now the infinitesimal version of this equality. Let X e Q and let A be 
the associated fundamental vector field. Let gt be the fiow of X. If we differentiate 
(with respect to the time t) the equation g^uo — cj, we get: 

= 0 . 

Thus the infinitesimal version of our equality is: 

V X G 05 — 0. 

We use now both the Cartan formula 

Cx — dix + ixd 

and the fact that uo is closed, to get: 



dix^ — 0 . 
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Proposition IILLL If the G-action preserves the symplectic form u, then all the 
fundamental vector fields of the action are locally Hamiltonian. □ 

Ill.l.b. Hamiltonian actions. Consider now the following diagram. 

e°°{w) < - 0 

H{W) ^ HiociW) ^ {W-, R) > 0 

One says that the symplectic G-action on W is Hamiltonian if there exists a 
morphism ft of Lie algebras q — > C^(bL) making the diagram commute. It follows 
in particular that the fundamental vector fields of the action are then Hamiltonian. 

Remarks IILL2 

(1) If the group is connected, we know (see Proposition 1.4.5) that each of its 
elements is a product of exponentials 

g = exp Xi exp X 2 • • • exp Xn 

and thus the existence of /x, which always implies the infinitesimal “sym- 
plecticity” of the action, implies that here the action is actually symplectic. 
It is thus useless to require that the action is symplectic: this will be a 
consequence of the existence of the map ft. 

(2) Some authors, among them some of the best ones (for instance Souriau, who 
was one of the inventors of Hamiltonian actions^^^ [ 123 ], see also [ 96 ]), call 
Hamiltonian an action for which there exists a map ft making the diagram 
commute, without requiring that g is a Lie algebra morphism. Suppose 
that X px i^ only a map from q to C°^(VP). Then fix is a function 
the symplectic gradient field of which is X, in particular {/xx,My} is a 
Hamiltonian for [X, T]. Thus it is always true that {/xx,/^y} — A^[x,y] is 
(locally) constant on W. We are just assuming, in our definition, that the 
constant vanishes. 

(3) To finish with remarks, note that if G is commutative and W compact (the 
case we are mainly interested in), any lift J1 is automatically a Lie algebra 
morphism: the Lie bracket in g is trivial thus {/xx,My} is locally constant. 
The function fix must have a critical point on W, which we assumed to be 
compact, thus there exists a point at which {gx^gy} vanishes, and so it is 
zero everywhere. 



who created the terminology application moment 
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The momentum mapping. Associated with is the momentum mapping: 

/X : W > = Horn (g, R) 

X I > {X^Jix{x)). 

Then the fundamental vector field X is the Hamiltonian vector field of the func- 
tion X 1-^ (/x(x),X). The fact that /I is a morphism of Lie algebras gives, for the 
momentum mapping p: 



Proposition 111.1,3. The momentum mapping p :W is a Poisson mapping. 



Proof. We want to prove that, for any two maps /, ^ : R and any point x of 

the manifold W, one has 



{/ O M, 9 o m} (a;) = {/, g} (mU)) 

(using, as usual, the same notation for the Poisson bracket on W and that on the 
dual of the Lie algebra g^). By density of polynomials in functions, it is enough 
to prove this for two polynomials / and g. Using the Leibniz rule, we can even 
assume that / and g are linear functions on g"*", that f = X e g = Y eg. 

For such an /, the Hamiltonian vector field of the composed map f o p is 
defined by 



^fo^) — {df ) i_x(^x)Y X p{Z) 

= {Txp{Z),X), 

so that X fo^ = X and Xgo^ = T. We have now 

{fofx,gon} (x) = U:c{X^,Yx) 

as above. On the other hand, 

{/,5}UU)) = {f^{x),[X,Y]) = {X^(x),Y) 
as well. □ 



The definition of a Hamiltonian action can be reformulated in terms of the 
map p instead of p. The condition that px is a Hamiltonian for the fundamental 
vector field X translates into a condition on the tangent mapping 

T xP • > g 

> > T,/i(T), 



namely 



VX G g, (T,/i(T),X) = -ixLu{Y)=uj{Y,X). 
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Example III. 1.4. If H :W H is any function and if the Hamiltonian vector field 
Xh is complete, its flow defines a Hamiltonian R-action, the momentum mapping 
of which is H. 

Example in.1.5. More generally, let be k commuting functions (in 

the sense that {Hi^Hj} = 0 for all i, j) on a symplectic manifold W. Assume 
that, for some reason (for instance because W is compact), the flows 
of their Hamiltonian vector fields are complete). Then, these flows determine a 
Hamiltonian R^-action with momentum mapping 

= .R'', 

This is true because the vector fields Xhi , • . • , Xh^ commute 

[UHi,XHj] = = 0 , 

SO that the flows , . . . , commute. 

Tori. Suppose that W is compact and the group is a torus T. Choose a basis 
Ai, . . . , Afc of t. The existence of the momentum mapping is equivalent to that of 
a primitive pxi of for any i. It is thus sufficient, in order to define jS, to write 

k k 

MX = ^ Xlixi for X = ^ XiXi. 

Z =1 2=1 

Assume for instance that = 0 (for example because W is simply con- 

nected). Then any symplectic T-action is Hamiltonian. The momentum mapping 
fi is then well-defined up to the addition of a constant vector of V. 

Example III. 1.6. The circle acts on by it • (zi, . . . , Zn) — {uz \^ . . . , uzn)- The 
fundamental vector field associated with 

The momentum mapping for this action is the Hamiltonian 







Example III. 1.7. Similarly, the torus • - ^tn) ^ \ \U\ = 1} acts on 

by (^ 1 , . . . , tn) • (> 2 ^ 1 ? • • • 5 Zn) = (^ 1 ^ 1 , • • • , tnZn)’ This is a Hamiltonian action 
with momentum mapping 

.,Zn) = ^{\zif ‘ . , 1 2 :„ I ^) + constant e R" = (t")*. 
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One should notice that the image of /i is the “first quadrant” , namely the subset of 
defined hy {xi ^ 0, . . . , ^ 0), a fact which is not unrelated with the convex 

polyhedra we shall encounter in the next chapter. 

Semisimple groups. If the Lie algebra g is generated by the Lie brackets of its 
elements, namely if 0 = [0,0], all the symplectic G-actions are Hamiltonian^^^ It 
is not hard to see (Exercise 11.25) that, if X and Y are two locally Hamiltonian 
vector fields, then the vector field [X, Y] is globally Hamiltonian. But, if g satisfies 
g = [0, 0], any element of 0 may be written as a sum of brackets, and thus defines 
a fundamental vector field which is globally Hamiltonian. This is the case, for 
example, for the groups G == SO(3) or SU(2) (see Exercise 1.19). 

Let us go back to the general case. The momentum ji was defined by a 
map ]1 : g ^ G^{W) such that the function Jlx is a primitive of the 1-form 
Hence, the momentum mapping is not a priori unique. One can add locally 
constant functions cx such that 

M[x,y] + ^[x,Y] = {J^x + cx.JIy + cy} = = J^[X,Y] 

(that is c vanishes on [0,0]) to Jlx- Thus ja is defined up to the addition of a 
constant linear form in the annihilator [0,0]° of [0,0]. For instance, as we have 
already said, in the case where the group G is commutative, any constant will do. 
However, if G is semisimple, the momentum mapping, if it exists, is unique. 

Notice that there is a simple procedure to construct examples of momentum 
mappings. 

Proposition III. 1,8, Let p be the momentum mapping for the Hamiltonian action 
of a Lie group G on a symplectic manifold W. Then, for any Lie subgroup H of 
G; the composition of fi and the canonical projection: 

W — ^ 0* ^ [)* 

is a momentum mapping for the induced action. □ 

III.l. c. The coadjoint representation of a Lie group. The dual-of-a-Lie- 
algebra-coadjoint-action machinery can be used to produce examples. 

The canonical momentum mapping. Let G • ^ be a coadjoint orbit in 0*. We 
thus have a Lie group G acting on a symplectic manifold G-^ and (obviously!) pre- 
serving the symplectic form. Everything is so canonical that the following propo- 
sition is almost tautological: 



Compact Lie groups the Lie algebra of which satisfy q = [ 0 , 9 ] are said to be semisimple, see 
Exercise 1.19. 
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Proposition IILL9. The inclusion G ' ^ C is a momentum mapping for the 
G- action on its orbit. 

Proof We want to check that the inclusion /x : G • ^ ^ satisfies the relation 

for all tangent vectors Y to G • The tangent space to the orbit is generated by 
the fundamental vector fields, so that the relation we want to prove is just 

but this is exactly the relation defining the fundamental vector field on g*. □ 

This construction generates a lot of examples, using Proposition III. 1.8. For 
instance we have seen (Remark II.3.5) that the type of the principal coadjoint 
orbits is the conjugacy class of any maximal torus. It is thus especially interesting 
to study the action of a fixed maximal torus T C G on these orbits^^^ . We deduce 
a lot of examples of torus actions on symplectic manifolds. . . thus, even if one is 
only interested in commutative groups, this excursion into noncommutativity was 
not useless. 

The case of U(n). Let us make the torus of diagonal unitary matrices act on the 
orbits H\. 

Proposition IILLIO. The map Hx which associates with any Hermitian 

matrix its diagonal entries, is a momentum mapping for the T-action. 

Proof According to Propositions III. 1.8 and III. 1.9, the momentum mapping is 
the composition 

Hx cH = u{ny >i\ 

for the map n{nY — > P defined by the inclusion T C U(n). Now, T is the subgroup 
of diagonal (in the canonical basis of C’^) unitary matrices, hence P is isomorphic 
to and the projection is indeed the mapping that maps a matrix to its diagonal 
entries. □ 

Example HI. LI 1. Let A = (Ai, A 2 , . • . , A 2 ). We have seen in §II.l.d that Hx is 
a complex projective space P’^“^(C). We have thus exhibited a Hamiltonian T’^- 
action on the complex projective space P’^“^(C). 



instance, the fixed points will be the points in the orbit the stabilizer of which is precisely 
T and not one of its conjugates. 
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The case of S0(3). The Lie algebra so(3) is the Lie algebra of 3 x 3 skew- 
symmetric matrices. Identify it with in such a way that the Lie bracket be- 
comes the vector cross product and with its dual so (3)'*' with help of the canonical 
Euclidean structure of R^. The adjoint and coadjoint actions are then identified 
with the usual action of SO(3) on R^ by rotations (see, if necessary, Exercise 1.16). 
The coadjoint orbits are thus the point 0 and the concentric spheres S^’s (with 
stabilizer SO(2)). We choose the third vector of the canonical basis, its orbit is 




Figure 1 

the unit sphere, the corresponding maximal “torus” is simply a circle that acts by 
rotations about the 2 ^-axis and the momentum mapping is just the Hamiltonian 
{x^y^z) 2 :. We merely copy here a figure that already appeared in Chapter I. 

Notice that the quotient map there is our momentum mapping here, a special case 
of a more general result (Exercise IV. 12). 



111.2. Properties of momentum mappings 

111. 2. a. Fixed points. A momentum mapping /x is a map from our manifold W 
into the vector space We will use it to investigate the group action. Here is a 
simple example of what can be expected of such a situation. 

Proposition III. 2.1. Let W be a compact symplectic manifold endowed with an 
action of . Assume the action is Hamiltonian. Then it has fixed points. 

Proof. A momentum mapping for an -action is simply a function 

H : W ^ R. 

The manifold being compact, any function on it must have critical points. Let 
X be such a point, namely x is such that {dH)x — 0, and hence, such that the 
Hamiltonian vector field Xh vanishes at x. But the latter is the fundamental 
vector field associated with the action. Thus, x is a fixed point. □ 

Think of the situation depicted in Figure 1, where the fixed points of the S^- 
action are the extrema of the momentum mapping. Notice that there are symplectic 
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S^-actions without fixed points. For instance, rotations on one factor on the 
torus X S^, namely the formula 

t-{x,y) = {t-x,y) 

defines a symplectic action (which is not Hamiltonian). 

III. 2 .b. The tangent map. The tangent map 

Tx/^ • T^fF ^ ^ 
is, by definition, the transpose of 

n-.M : 0 > 

X I ^ 

In particular, its image ImT^/i is the annihilator in of KerT^^/i, that is, the 
annihilator of 

{X G fl I = 0} = [X G g I = 0} — g^. 

Proposition IIL2.2. The annihilator in of Qx ‘Is the subspace ImT^/i. Dually, the 
annihilator in g o/ImT^/i C is Qx- D 

Thus the rank of JxP^ is the dimension of the orbit of x. We deduce, in 
particular: 

Proposition HL2,3, The momentum mapping p is a submersion at the point x if 
and only if the stabilizer is discrete. 

Proof This property is indeed equivalent to the nullity of g^. □ 

Corollary IIL2.4. Let G be a commutative Lie group acting in an effective way 
on a symplectic manifold W. Assume the action is Hamiltonian with momentum 
mapping /i : IF ^ g*. Then p is a submersion on the open dense subset of principal 
orbits in W. 

Proof We already know that the stabilizer of the principal orbits is the (discrete) 
subgroup {1} C G. □ 

If G is not commutative, it may happen that the momentum mapping p is 
nowhere submersive, even if the action is effective, as the next example shows. 

Example IIL2.5. Let the group SO(3) of rotations act on x IF by the usual 
(effective) action on and by the trivial action on IF. It preserves any ‘‘product” 
symplectic form cji 0 o; 2 , and the image of the momentum mapping 

p:S^xW >so{^y = R^ 

is a sphere (and, in particular, contains no open dense subset of so(3)'*') so that 
p is nowhere submersive. 
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Proposition IIL2.6. The kernel KerJxf^ is the orthogonal (for Ux) of the tangent 
space to the orbit through x. 

Proof This is straightforward, Jxia{Y) is zero if and only if (Jxia{Y),X) = 0 for 
all vectors X G 0, that is, if and only if Ux{Kx^ = 0 for all X, that is, if and only 
if Y is orthogonal to the subspace generated by the fundamental vector fields. □ 

III.2.C. Noether theorem. We consider now the “levels” of the momentum 
mapping(^) /i : W — > of a Hamiltonian G-action on the symplectic manifold 

(W, a;). The most classical form of Noether’s theorem seems to be stated nowadays 
as follows: 

Theorem IIL 2, 7, Let H be a function on W which is invariant under the G-action. 
Then fi is constant on the trajectories of the Hamiltonian vector field Xh . 

Proof Indeed, if 7 (t) is a trajectory of Xh, one can write, for any X e q: 

But the Hamiltonian H is invariant and X is a fundamental vector field of the 
action, so that 

H{exp{sX) ■ 7 (i)) = i/(7(t)) 
a relation which, when differentiated at s = 0, gives 

dH{X{-f{t))) =0. □ 

Notice that this theorem means that the Hamiltonian vector field Xh is 
tangent to the levels of the momentum mapping. 

Example IIL2.8 (Periodic Hamiltonians). Even the most trivial cases of the previous 
theorem are already interesting. Consider for instance the case where the group 
acting is and the function is the very momentum mapping of this action. We 
get that the fundamental vector field is tangent to the hypersurfaces of constant 
“energy” H. 

Such a function is called a periodic Hamiltonian. We see that all the regular 
levels of a periodic Hamiltonian are oriented submanifolds endowed with a fixed 
point free S^-action. For example in dimension 4, the regular levels are Seifert 



shall call level ^ the inverse image /x of an element even if ^ is not a number. 
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manifolds. We shall see later how it is possible to use the constructions of Chapter I 
to investigate periodic Hamiltonians. 

III.2.d. Equivariant momentum mappings. The momentum mapping /x 
maps the G-manifold W into another G-manifold It is thus natural to ask 
whether this is an equivariant map. 

Proposition IIL2.9. Let p be the momentum mapping for the Hamiltonian action 
of the connected group G on the symplectic manifold W. Then p is an equivariant 
map. 

Proof We consider an element X of q and we prove 

that is, the infinitesimal version of the proposition (this will be enough, because 
the group is connected). Thanks to the relation defining the fundamental vector 
fields of the coadjoint action, we have, on the one hand 

(«X(x)T) = (mU),[LU> 

= 

and on the other hand 

= {^X,,{iwYw),} 

= uj,rY,^X) 

Hence the two sides are equal. □ 

This endows Hamiltonian actions with very specific properties. For exam- 
ple, Proposition HI.2.9 forces the inclusion of stabilizers G^ C G^(a;). Here is an 
example: 

Proposition IIL2.10. Let W be a symplectic manifold endowed with a nontrivial 
symplectic action of G = SO(3) or SU(2). Then the stabilizer of the principal 
orbits is a commutative subgroup ofG. 

Proof We have seen in § Ill.l.b that, because G is semisimple, the action is Hamil- 
tonian. Let p :W ^ he the (unique) momentum mapping for this action. Let x 
be a point in W. Then we have the inclusion G^ C G^(a;) and the orbit stabilizers 
in 0* are either G or the circle SO(2) C SO(3) or SU(2) (see §111.1. c). If G^^ is not 
contained in SO(2), we have G^(^) = G, or p{x) = 0. If this was the case for all 
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the points of the principal orbits, fi would vanish on an open dense subset of 
thus everywhere. But the operation would then be trivial. □ 

In the same way, one can show more generally (using Remark II.3.5) that, if 
/i is a submersion at at least one point, then “the” stabilizer of the principal orbits 
is commutative and discrete. 

III.2.e. Level sets. Let us return to the general case. For a regular value ^ G 
of /i, call As /i is equi variant, the subgroup C G keeps the set 

invariant: ii x and ^ G G^, then 

H{g-x)=g- ix{x) = g ■ ^ 

Look now at what happens to the symplectic form when we restrict it by the 
inclusion map C W: 

Lemma 111.2,11. The kernel of the pulled back 2-form j^uj at a point x is the 
subspace T;r(G^ • x). The rank of this 2-form is constant (namely, it does not 
depend on x) and 

rkj^LU = 2 dim + dim(G • — dim W. 

Proof We have, by definition, 

Ker(j|cj), = 

On the other hand, TxV^ = KerT^ja and we have (this is Proposition III.2.6) that 

KevTxfi = (Ta,(G • x))°. 

Thus 

KeT{j^u))x = KeiTxia n Ta,(G • x). 

The tangent space T^;(G • x) to the orbit is generated by the fundamental vector 
fields According to the proof of Proposition III.2.9, 2Lx is in KerT^/x if and 
only if the corresponding fundamental vector field in vanishes at /x(x), that 
is, if and only if X belongs to the Lie algebra Q^(^x) c>f stabilizer G^(^). Thus 
Ker{j^uj)x is generated by the fundamental vector fields coming from Hence 
KeT{j'^Lj)x — Ta:(G^ • x), its dimension is 

dim G^ — dim G^ = dim G^ 

(because ^ is a regular value so that G^ is discrete). Its rank is 

rk(j^a;)a; = dim — (dimG^ — dirnG^) 

= dim — dim G^ + dim G — dim W + dim 

" V " 

dimG-^ 

= 2 dim - dim W + dim G • ^ 



and thus is constant on V^. 



□ 
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These results allow us to characterize the Hamiltonian actions of Abelian 
groups. 

Proposition IIL2.12, Let G be a connected Lie group acting effectively on a sym- 
plectic manifold W with momentum mapping fi. The three following properties are 
equivalent. 

(1) The orbits ofG are isotropic. 

(2) The momentum mapping p is constant on the orbits. 

(3) The group G is commutative. 

In this case, dim IT ^ 2dimG. 

Proof The orbit G • x is isotropic if and only if 

T,(G-x)cT,(G-x)° = KerT,/i. 

In this case, for any X,Y G the map 

X I > -uJxiX^,Y^) 

is identically zero. But we have seen (in Exercise 11.25) that its differential is the 
1-form i[x^Y]^- Thus i[x,Y]^ = 0? from which it follows that [KiY] = 0 and, 
due to the fact that the fundamental vector field of the bracket is the bracket of 
fundamental vector fields (see §I.l.b), that [X, T] = 0 for any X,Y G G, so that 
G is commutative. 

Reciprocally, if G is commutative, G^ = G for all ^ in and thus Kerj^uj is 
the whole tangent space to the orbit which is thus isotropic. □ 

The inequality in III. 2. 12 is easily generalized. 

Proposition IIL2,13. Let W be a symplectic manifold endowed with a Hamiltonian 
action of a compact connected Lie group G, with momentum mapping p :W 
Let T be a maximal torus in G. If p is submersive in at least one point in W, then 

dim G + dim T ^ dim W. 

Proof It is sufficient to observe that the rank of {j^tu)x is a nonnegative integer, 
and to compute: 

rk j^uj = 2 dim - dim W + dim G • ^ 

= 2(dim W - dim G) - dim W + dim G • ^ 

= dim W -2 dim G + dim G - dim G^. 

Hence dim W ^ dim G -f dim G^ ^ dim G + dim T, thanks to Remark H.3.5. □ 

For example a manifold endowed with a symplectic SO(3)-action the mo- 
mentum mapping of which is submersive somewhere has dimension at least 4. 
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The hypothesis “submersion at one point” is necessary: for example the SO(3)- 
action on the unit sphere by isometries preserves the volume form and is thus 
symplectic. 

III.2.f. Symplectic reduction, examples. The essence of what is called sym- 
plectic reduction is contained in a rather obvious algebraic lemma. Recall that 
we call coisotropic any vector subspace (resp. submanifold) of a symplectic vector 
space (resp. manifold) the symplectic orthogonal of which is isotropic: F C £* is 
coisotropic if and only if C F. 

Lemma IIL2.14 (Symplectic reduction). Let E be a vector space endowed with a 
(constant) symplectic form uo. Let F be a coisotropic subspace. 

(1) The form to induces a symplectic form on F/F°. 

(2) If L is any isotropic subspace transversal to F, then the composite map 
LnFcF-^F/F° is the inclusion of an isotropic subspace. 

Proof The subspace F° is, by definition, the kernel of the restriction of u to F. 
Hence the first assertion. For the second one, we just have to check that (L fl F) fl 
F° = {0}, but we have 

(L n F) n F° = L n F° = (L° + F)° C (L + F)° = {0} . □ 

Straightaway, we have an application. Consider a torus T acting effectively 
on a compact symplectic manifold (W,u)) with momentum mapping p : W V". 
We know that in this case there must exist regular values. Let ^ be such a value. 
For X G we have 

J,V^ = KerJ,p = (J,(T^x)y. 

Moreover, the tangent space to the orbit, being generated by fundamental vector 
fields, is isotropic since T is commutative (Proposition III. 2. 12). Thus TxV^ is 
coisotropic and its orthogonal is the tangent space to the orbit. Hence Ux induces 
a nondegenerate skew-symmetric bilinear form on TxV^/Tx(T • x). 

The T-action on W defines by restriction a T-action on the level of 
which we know that all its stabilizers are finite, as TxP is surjective thus P is the 
annihilator of ix. 

If moreover all these stabilizers are trivial, in other words if the T-action on 
the regular level is free, then the quotient is a manifold (of dimension 
dim W - 2dimT) and T^P^/T^(T • x) may be identified to its tangent space at 
the point [x] = T • x. 

Proposition IIL2.15. Let the torus T act on the symplectic manifold W, with mo- 
mentum mapping p : W ^ P. Assume it acts freely on the regular level of p. 
Then the orbit space V^/T is a manifold naturally endowed with a symplectic form 
called the reduced symplectic form. 
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Proof. The form defined by lJx on Ta,F^/Tx(T • x) does not depend on the point 
X we chose in the orbit T • x, thanks to the invariance of cu. The diagram 

defines a 2- form by From which it follows that p^da^ = 0 and that 

is closed. □ 

Let G be a (not necessarily commutative) Lie group. Consider a Hamiltonian 
action with momentum mapping 

pi : VF > 

Let ^ be a regular value of p and its stabilizer (for the coadjoint action). 
According to Proposition III.2.6, the 2-form induced by is nondegenerate on 
/i“^(^)/G^. So that we have: 

Proposition 111.2,16. Let the Lie group G act on the symplectic manifold W, with 
momentum mapping p : W — > 9*. Assume ^ is a regular value of p the stabilizer 
G^ of which acts freely on the regular level p~^^. Then the orbit space p~^{^)/G^ 
is a manifold naturally endowed with a symplectic form □ 

Corollary HI.2.17. Assume 0 is a regular value of the momentum mapping p and 
G acts freely on p~^{0). Then p~^{0)/G is a manifold naturally endowed with a 
symplectic form. □ 

Example IH.2.18 (Symplectic form on the complex projective space). Consider the 
S^-action on by multiplication ^ • (zi, . . . , Zn) = {tzi, . . . , tZn)- This is a Hamil- 
tonian action with momentum mapping 




i=l 



as follows, for instance, using Example HI.1.7 and Proposition HI. 1.8, from the 
fact that the projection map R induced by the diagonal inclusion ^ 

is the map 

(xi,...,Xn) I > Xi H hXn- 

All nonzero real numbers are regular values of p. Choose any such value a > 0. 
The level p~^{a) is the sphere of radius V^. The quotient by the S^-action is 
the projective space P’^“^(C). The symplectic reduction procedure provides a 
symplectic form (for each value of a) on this projective space. 
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Symplectic orbifolds. In general, the torus action may well have exceptional 
(that is, with finite stabilizer) orbits in regular levels. It is then no longer absolutely 
correct that the orbit space is a symplectic manifold. We have already met 
this kind of problem in § I.3.c, where the topological structure of the quotient 
happened to be enough for what we needed. Now we have to look carefully at what 
is preserved of the differentiable structure near the singular points in order to be 
able to speak of a symplectic form on the quotient. 

The right notion here is that of orbifold, invented by Satake [120] under the 
name of V-manifold. The idea of a symplectic form on an orbifold was made pre- 
cise by Weinstein in [129]. Since then, symplectic orbifolds (and the way the type 
of techniques explained in this book extend to them) have been extensively inves- 
tigated by numerous authors, among which are Prato (unpublished) and Lerman 
and Tolman [95]. 

Locally, orbifolds are the open subsets of the quotient spaces R’^/P, where 
r is a finite group equipped with a representation p in GL(n, R), the fixed point 
set of which has codimension at least 2. The local isomorphisms U\ -^U 2 are the 
pairs ((p,y), where 7 : Ti — > T2 is a group homomorphism and p : /7i — > (72 is a 
diffeomorphism of the saturated open subsets of R’^, over Ui and 1/2, and all the 
diagrams 

^ (p ^ 

Ui >U2 

pi{g) p2{g) 

Ul^U2 

are commutative. 

We call orbifold a topological space modeled on the local structure just de- 
scribed. A differential form on an orbifold is of course given by the prescription, 
on each open local chart f/, of a differential form (that is, a T-invariant differential 
form on / 7 ). A symplectic form is a 2-form, which, in each local chart, is closed 
(this is a local notion!) and nondegenerate. 

Example IIL2.19. The cyclic group P = Z/m acts by rotations on R^. Then R^/P 
is an orbifold. The surfaces R, quotients of Seifert manifolds by their S^-action, 
that we have discussed in §I.3.c are orbifolds. See also Exercises III.17 and III.18 
and the orbifolds shown in Figure 6 (page 101). 

Proposition IIL2.20. Let be a regular level of the map p : W ^ . The orbit 

space B^ = V^/T is an orbifold, naturally endowed with a reduced symplectic 
form 
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Proof. The symplectic reduction lemma (Lemma III.2.14) asserts that, for any 
point X, the bilinear form cux induces a nondegenerate skew-symmetric bilinear 
form on the quotient space 

TxV^/Tx{T-x)=Ex. 

The latter is a slice at x for the T-action on A neighborhood of T • x in 
has the form T Xt^, Ex- Thus a neighborhood of x in has the form Ex/Tx- 
Now Tx is a finite group of isomorphisms of Ex^ and we may assume that it 
preserves a complex structure (calibrated by the form induced from ujx), so that 
the (co-)dimension of its fixed point set is even. If the codimension is positive, it 
is then greater than or equal to 2. □ 

Example IIL2.21. Let iL be a periodic Hamiltonian on a compact 4-dimensional 
symplectic manifold. Its regular levels are Seifert manifolds, with oriented topo- 
logical surfaces as base spaces (one should check that symplectic orbifolds are 
oriented). We shall see in Chapter VIII that all the Seifert manifolds we have met 
in §I.3.c appear in this framework. 

Poisson structures on quotient spaces. Assume that the group G acts on the 
symplectic manifold W and that the quotient WjG is a manifold. Of course, there 
is no reason why this quotient should be symplectic. However, if we assume that 
the G-action is Hamiltonian, there is something left from the symplectic structure, 
as asserted by the next proposition, a rather useful result that we shall have the 
opportunity to use in Chapter V. 

Proposition IIL2.22. Let G be a Lie group acting on a symplectic manifold W with 
momentum mapping 

pi : W > flV 

The Poisson bracket ofW defines a Poisson bracket onW/G the symplectic leaves 
of which are in one-to-one correspondence, via pi, with the coadjoint orbits of G 
in the image piiW) C 

Proof The Poisson bracket of two functions f,g :W/G is defined by 

{fi = {/ o 7T, ^ o 7 t} where tt is the projection W — ^ W/G. 

Let ^ G and G • ^ be its orbit. Endow G • ^ with the opposite of its standard 
symplectic form and consider G acting on W x G • ^ diagonally, so that 

J:WxGe ^ 0^ 

(x,J]) I > n{x) - T] 

is the momentum mapping of the action. Perform the symplectic reduction of 
W X G • ^ at the level 0 of J, getting a symplectic structure on J~^(0)/G. The 
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mapping 

J-i(0)/G = {{x,v) G VF X G • C mW = U /G — M“'(G • 0/G 
is an isomorphism, and this puts a symplectic structure on the latter space. □ 

Example IIL2.23. Look once again at the standard S ^-action on When 

restricted to — {0}, this is a free action. The quotient — {0} /S^ is a 
manifold, foliated by the projective spaces j2~^{a)/S^ {a > 0). We know that all 
these leaves are symplectic manifolds (Example III.2.18 above). The proposition 
asserts that this foliation is the symplectic foliation associated with a Poisson 
structure on the quotient. 



III.3. Torus actions and integrable systems 

Ill.S.a. Integrable systems. Consider a Hamiltonian torus action on a sym- 
plectic manifold, with momentum mapping /i : W ^ R^. Assume the action is 
effective. We know that, in this case, 2k ^ dimW = 2n (Proposition III.2.12). 
Consider the maximal case, namely the case where the dimension of the torus 
acting is half the dimension of the manifold {k = n). Look at the n component 
functions of the momentum mapping 

/i = (/i,...,^): W >R\ 

They are independent over the open dense subset of regular points of /x and they 
commute in the sense that 

{/i,/,} = 0 Vi,j. 

We will call, more generally, completely integrable system or, more simply, in- 
tegrable system, a collection of n independent (in the sense above) commuting 
functions defined over a symplectic manifold of dimension 2n. 

Notice that, by definition, the momentum mapping of an effective Hamilto- 
nian torus action on a symplectic manifold of the right dimension is an integrable 
system. This is why we will call completely integrable the Hamiltonian action of a 
torus on a symplectic manifold of dimension double (of that of the torus). Notice 
however that any nonconstant function on a surface is an integrable system — so 
that there are many completely integrable systems that do not come from inte- 
grable torus actions. 

Why is this called a “system”? This is because one thinks of the differential 
(Hamiltonian) system defined by one of the Hamiltonian vector fields, Xf^, say, 
namely 
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The other functions are then playing an auxiliary role. As {/z,/j} = 0, they will 
be constant along the trajectories of X — and thus said to be first integrals of the 
vector field Xf^. 

Remark IIL3.L Although it gives a symmetric role to all the /^’s, the present 
definition is certainly not the best possible. Very often, one is only interested 
in the subalgebra of generated by the fi's and not in a specific set of 

generators. For a formally better definition, see, for instance, [126]. 

Example IIL3.2 (The simple pendulum). The simple pendulum is the mechanical 
system constituted by a bob at the end of a rope the other end of which is fixed, 
in a constant gravitation field (Figure 2). It is considered that the bob stays in 
a vertical plane. Call 6 the angle between the rope and the vertical (this is the 
direction of the gravitation field F). The differential equation describing the motion 
of the bob is 6 = - sin 6 . The phase space is x R (a symplectic manifold as 




Figure 2. The simple pendulum 

the cotangent bundle T'*'S^). We use a real variable q (such that 6 is q modulo 27 t) 
and the dual variable p — q. The differential equation is equivalent to the system 

q = p, p = — sin q. 

The vector field X{q,p) = (p, -sing) is the Hamiltonian vector field associated 
with the function H = \p^ — cos q = \p^ - cos 6 (this is the total energy of the 
simple pendulum). 

There are numerous beautiful examples of integrable systems (see, for exam- 
ple, [15, 18]). The aim of this section is to prove that, near a compact connected 
component of a regular level of an integrable system, there is a Hamiltonian torus 
action with the same levels. This is the Arnold-Liouville theorem. 

Ill.S.b. The Arnold-Liouville theorem. We consider an integrable system, 
namely a symplectic manifold (VF, lu) of dimension 2n and a map f :W ^ the 
components /i, . . . , /^ of which are independent and commute. 
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The local R’^-action. Let Xi, . . . denote the Hamiltonian vector fields as- 
sociated with the /i’s. They commute 

[ YAi ] = ^{/„/,}=0 

and define an R^-action by 

t-x = (f^^o o • ■ • o (x) 

where (pi denotes the fiow of Xi and t = (ti, . • . , tn) ^ R^ belongs to a neigh- 
borhood of 0, in such a way that (pf is defined. This action is locally free at any 
regular point, since the fundamental vector fields are independent. 

Completeness. Assume now that the vector fields Xi are complete, namely that 
the flows (pi are defined for all real numbers t. What we have now is a locally free 
R^-action on the open subset of regular points in W. Notice that this preserves the 
levels of /, because the Hamiltonian vector fields Xi are tangent to these levels. 

The connected components of the regular levels of / are homogeneous spaces, 
quotients of R’^ by discrete subgroups. The discrete subgroups of R’^ are the 
lattices in the fc-dimensional linear subspaces. The connected components of 
the regular levels must thus be of the form R’^"^ x for some k such that 
0 ^ k ^n. 

Liouville tori. The compact connected components of the regular levels are thus 
tori and these tori are Lagrangian. We have thus proved the first assertion of 
Arnold-Liouville’s theorem. 

Theorem IIL3.3 (The Arnold-Liouville theorem [5]). Let fi,. . . ,fn be n inde- 
pendent commuting functions on a symplectic manifold (W, cj) of dimension 2n. 
Any compact connected component of a regular level of (/i,...,/n) a La- 
grangian torus. Such a torus has a neighborhood on which there are coordinates 
(t/i , . . . , , . . . 5 ^n)? with 

iu = dJiA d(pi and fi = Fi{Ji ,. . . , J^). 

Z7T 

i=l 

In these coordinates, the Hamiltonian system associated with fj is 

in = o 

\^(pi = CLi{Jl:, • • • 5 Jn)' 

The coordinates Ji are the action coordinates, while the (pi’s are the angle 
coordinates. The rest of this chapter is devoted to the proof of this theorem fcum 
commento). 
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Remark IIL3,4. The Arnold-Liouville theorem is proved in [5] (an early 1970s 
book), where it is attributed to Liouville, who certainly did not even state it. Hence, 
probably following Arnold’s theory (according to which a theorem is given the 
name of the last person who proves it), it is called the Arnold-Liouville theorem. 
The statement and a sketch of a proof were also given by Mineur [110], who 
committed what is called in French a plagiat par anticipation [92]. For the history 
of this theorem, see [127]. 

Torus action and action variables. The regular levels of an integrable system 
thus have a natural affine structure, defined by the integration of the Hamiltonian 
vector fields of the first integrals. Notice that, by definition, the solutions of the 
Hamiltonian system are linear in this affine structure. 

What we aim to describe now is a transverse affine structure, determined by 
the action coordinates, that we are going to define. We fix a regular value q of 
the map /. We assume that the level f~^{q) has a compact connected component 
Fq, that we fix as well. We investigate the situation in a neighborhood of Fq. The 
regular values of / constitute an open subset of W, so that there is a neighborhood 
U of q in which consists of regular values. 

Example IIL3,5 (The simple pendulum, continuation). The zeroes of the Hamilto- 
nian vector field are obtained for p = 0 and sing = 0, thus the levels H = ±1 are 
singular and the other ones regular. Here U is any open subset of R — {—1,1}. 
As Figure 3 shows, the regular levels are indeed unions of tori (circles). Let us 




Figure 3. Energy levels for the simple pendulum 



consider, for instance, =] — 1, 1[. Note that has two connected compo- 

nents. We restrict our attention to one of them. This is what the picture on the 
right shows. The Hamiltonian vector field has periodic orbits. The difference with 
a periodic Hamiltonian is that here the period depends on the orbit. 
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The submanifold (torus) Fq being compact, there is a relatively compact 
neighborhood V of Fq in W such that f{V) C U. Let us call g the restriction of 
f to V. The mapping g :V U is submersive, that we can assume to be proper. 
If U and V are chosen small enough, the fibration g can be trivialized (this is the 
Ehresmann fibration theorem [46, 47]). We thus get a diffeomorphism 

r : V > UxFq 

such that r~^{{u} x Fq) = g~^{u) (this is the fiber of u). Using r, we can also 
construct sections of g. Let us fix a point p of Fq. In the model U x Fq, we have 
an obvious section u {u,p). Look at its image a under (Figure 4): 

a{u) = T~\u,p). 

This is indeed a section of g. 




Q 9 



Figure 4 

Using the section a, we prove now that the tori g~^{u) deform continuously, 
in the sense that g~^{u) is the quotient of by the stabilizer P{cr{u)) (I denote 
P{p) the stabilizer of p, this is a lattice^^^ in R^), a lattice that depends only on u 
(and depends smoothly on u). We want to apply the implicit function theorem to 
the equation 

t • a{u) = a{u). 

Let thus to be a point in P{p) C R’^. Let A be a neighborhood of to in R’^ and B 
be a neighborhood of p in Fq, small enough so that 

t e A and u eU r{t • cr{u)) G x B. 

The open subset B of Fq can be considered as an open subset of R’^, since Fq = 
R"/P(p). We have thus defined a map 

Q:AxU >B 

{t, u) I > r{t • cr(i/)) — p 

is for period [57]. 
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(the minus sign is to be understood in the sense of the affine structure on the 
torus Fq). We have 

0(t, u) = 0 r{t • cr{u)) = p 
<==^ t • a{u) = a{u) 
t G P{(j{u)). 

The partial differential {dtQ)(t,u) of © with respect to the variables t is the com- 
position of the differential of the diffeomorphism r and the differential 

d 

of t t • (j(u). The latter has rank n, because it maps the vectors 7— of the 

dti 

canonical basis onto the independent vectors Xi{a{u)). 

The partial differential {dtQ)(t,u) being of rank n, the implicit function the- 
orem gives a function T \ U (we may have to shrink the open subset U) 

such that 

i {t,u) e A X U and t = T{u) t • a{u) = a{u) 

T{p) - to. 

Making to vary in a basis of the lattice P(p), we get a basis of the lattice P{a{u))^ 
depending smoothly on u. 



Let thus (Ti(u), . . . , Tn(u)) (for u G C/) be such a basis of the lattice P{a{u)) 
in Its avatar (Ti(t’), . . . , Tn('i;)) in T-yy is a basis of the tangent space to the 
fiber. In formulas, if Ti{u) is written, in the canonical basis of R’^, 



Ti{u) — Tij(u) 
i=l 



A 

dti^ 



then 

n 

Yi{v) = '£Tij{f{v))Xj{v). 

j = l 

The vector fields Yi, . . . ,Tn are periodic of period 1 by definition. Moreover, we 
have, denoting the flow of Y, 






We deduce 

= tTi{f{rpl' (v))) ■ 

= tTmv))-it%{f{v))-v) 

= tt'Tmv))Tj{f{v))-v 

(using the fact that /(^j (u)) = /('i^))- Hence Y and Yj commute. Hence we have 
defined an action of the torus = R^/Z^ on Y. 
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Action coordinates. Action coordinates are defined by the integration of a 1 - 
form on the trajectories of the vector fields 1^. We need to construct firstly such 
a 1 -form. We can assume that the open subset [/ is a ball, and thus that Fq is 
a retract of V. In particular, we have i7^(F;R) = H‘^{Fq]H). The torus Fq is 
isotropic, so that the cohomology class [to] of the symplectic form lu is zero in 
Hence it is also zero in The symplectic form is thus exact 

on V. Let A be one of its primitives, that is, a 1 -form such that uo — d\. We define 

Ji{y)= [ X{Yi)o'ij;l{v)dt, 

Jo 

that is, we integrate the function of t that is obtained computing A, at the 
point 'ipi{v), on the tangent vector Y{. Putting ^i{t) — we define a loop 

parametrized by [ 0 , 1 ], the orbit of v for the circle action corresponding to the 
vector field Yi. The function Ji{v) is the integral of the form A on the loop 7 ^, 
that is, 

Mv) = [ X. 

Jii 

Proposition IIL3.6. The -action on V is Hamiltonian and its momentum map- 
ping is 

Proof, We apply a somewhat more general lemma (Lemma IIL3.8 below). The 
only thing we need to check is the fact that any of the fundamental vector fields 
Yi satisfies iyXy. = 0. Using the Cartan formula, we get 

iy/Cyo; = iYidiYi^J 

— 'I'Yid ^ Tj jdfj^ 

But Yi is tangent to the fibers of / and Ti^j is constant on these fibers, hence Yi 
is in the kernel of dTij and in that of dfj as well. □ 

Example IIL3.7 (The simple pendulum (continuation)). On x R, the 1-form 
A = pdq is a primitive of the symplectic form (this is, up to sign, the Liouville 
form). Let /i be a regular value of the Hamiltonian JT, say /i G ] — 1, 1[ and let Wh 
be a component of the submanifold H~^{h). Of course, the integral 

/ pdq 

JWh 

is the area of the domain bounded by Wh (this is one of the dotted curves of 
Figure 3). This is “the” action coordinate in this case. 
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Lemma IIL3.8. Let (W^ou) be an exact symplectic manifold. Let X be a l-/orm on 
W such that uj = dX. Let act on W with fundamental vector field Y. Assume 
that iy^Y^ = 0. Then the -action is Hamiltonian, with Hamiltonian 

J{x)= [ X. 

Js^x 

Proof The proof is direct. We compute {dJ)x{Z) for Z in TxW and we prove that 

{TxJ{Z) = uj{Z,Y{x)). 

Let thus X be a point of W and Z be a tangent vector to W at this point. First, 
we extend Z to an invariant vector field along the orbit of x by putting 

Z{t-x) = Txt{Z). 

Then, we extend Z to a vector field on W, still denoted Z. We write 

J{x)= [ Xt.x{Y{t-x))dt 
Jo 

(in which expression, t denotes both an element of = R/Z and the correspond- 
ing element in [0, 1]). We differentiate. We have to compute, for a fixed ^ in S^, 
the differential of the function 

X I > Xt.x{y{t • x)), 

evaluated on Z. This is 

{^zX)t.,{Y{t . x)) + Xt.x{{^zY){t • x)). 

The second term of this sum is zero, since LzY = —LyZ and (LyZ)(t -x) depends 
only on Z along the orbit of x; the vector field Z being invariant along the orbit, 
we have LyZ{t • x) = 0. 

Let us compute the first term. We have 

{dX){z, r) = z • A(y) - F • A(Z) - a([z, f]). 

We have said that, at the points t • x, the Lie bracket [Z,Y] vanishes. Hence the 
last term vanishes and we have 

(^zA)t.x(T(t • x)) = {dX)t.x{Z{t . x), Y{t • x)) + {LyX)t.x{Z{t • x)). 

To end the computation of JxJ{Z), we have to integrate these two terms on [0, 1]. 
Let us start with the latter. We differentiate the function 

1 1 > Xt.x{Z{t • x)) 

and get 

^ • x))) = {J^YX)tAZ{t • x)) + XU{^YZ){t • x)) = (£yA)t.,(Z(i • x)). 
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We thus get, by integration, 

j\LYX)t.x{Z{t ■ x))dt = {XUZ{t • x))) dt = 0. 

Up to now, we have used the fact that the 2-form a; is exact and that it was 
possible to extend Z as a vector field which is invariant along the orbit of x. We 
need now to use the properties of the fundamental vector field Y. Since Y and Z 
are invariant along the orbit of x, the derivative of the function 

1 1 ^ • x),Y {t • x)) 



with respect to t is 

(Z{t-x), Y {t-x))+UJt.x {{fiYZ)t.x,Y{t ■ x))+L0fx {Z{t ■ x), (LYY){t ■ x)) . 

The second term is zero by the assumption we have made on Y. The two others 
are obviously zero. The derivative with respect to t is zero, hence the function 
itself does not depend on t. We get eventually 

r-l 

• x), Y {t • x))dt = uJx{Z, Y (x)). 



/ 



namely 

J,J{Z)=uj,{Z,Y{x)) 
and this is what we wanted to prove. 



□ 



Notice that the map J has rank n, hence the torus action is effective. We 
have indeed 

lxJ{Z) = {Wx{Z,Yi),...,UJx{Z,Yn)) 

and this linear mapping has rank n because the vectors Yi are independent and 
the form u is nondegenerate. 



Angle coordinates. What we have got up to now is a symplectic fibration 

J : V > U, 



the fibers of which are Lagrangian tori, and a T’^-action with momentum map- 
ping J. We can use, as above, a section a of the fibration and a diffeomorphism 
r with U X Fg. As Fq is a torus R^/Z’^, we have coordinates (0i, . . . ,0n) on Fq 
and thus also coordinates (Ji, . . . , J^, 0i, . . . , 0n) on U. Notice that the 0^’s, being 
angles, belong to R/27 tZ, while our torus is R^/Z’^ (hence the normalization in 
the formula for the symplectic form). 

In these coordinates, the symplectic form is written 



LU 



— 2 ^ ^ dJi A dOi ^ ^ 



dJi A dJj 



(there are no terms dOi A d9j because the fibers are Lagrangian) . 
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Put r/ = ^ aijdJi A dJj. The might depend on the 6k s, but this is not 
the case: the form uj being closed, ry is closed as well, in other words, ry does not 
depend on the 6k s. In a more intrinsic way, ry = <j*u; is closed as u is. Thus we 
have a closed form on U. We have already assumed (and used the fact) that U is 
contractible. Hence ry is exact, rj = dA for some 1-form A on U that we write 

A — ^ ^ AidJj. 

The Ai^s are functions on U. We use them to modify the section a, putting 

— 6{ Ai 



(the new “angles”) or 



in short 



Eventually, 



5(1/1 ,..., Jtt,) — ^n)? 

'^(‘/ij • • • 1 dn) — <r(t/i, . . . , Jji) (-^1 Afi^. 

s'^uj = — dA = 0 



thus 



LU 



2 ^ ^ dJi A d^i. 



Notice that J can be modified by the addition of a constant, ^ by the addition of 
a function of J. 



Remark IIL3.9. The symplectic volume of our neighborhood V is simply the 
(Lebesgue) measure of U. 



The Hamiltonian system in the action-angle coordinates. Let H be any 

function in the algebra generated by the /j’s. The Hamiltonian system x = Xh{x) 
has a specially simple form in the action-angle coordinates. Firstly, the Hamilto- 
nian H is in the algebra generated by the first integrals and thus is a function of 
Ji, . . . , Jn. We put 



Then, the coordinates (Ji, . . . , J^, , ^n) are symplectic (up to a factor 27 t, 

thus the Hamiltonian system is written, in these coordinates. 



7 o A ' (7 

Ji = =0 and (pi = — = aJJi ,. . 

U(pi ^Ji 



> ) Jn)' 



In this form, it is easy to check that the solutions are indeed angles depending 
linearly on the time on the levels of J. It is clear that such a system can be solved 
by quadratures, hence the terminology “integrable system” . 



I will give examples of action-angle coordinates in Chapter V. 
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Exercises 

Exercise HI. 1. Let G be a Lie group acting on a manifold V. Define a G-action on 
the cotangent bundle T^V by 

= i9{x),(poTg(x]9~^) 

where x e V , (f E T'^V is a, linear form TxW R. Gheck that this is indeed a 
(left) action. Show that the Liouville form a is invariant^^^ (g^a = a) and conclude 
that the action is Hamiltonian, with ]lx = — ixce* 

Exercise III. 2. Which surfaces admit symplectic -actions (use the results 
of §1.3. a)? Prove that the only surface admitting a Hamiltonian S^-action is the 
2-sphere. 

Exercise III.3. Let Wi and W 2 be two symplectic manifolds acted on by the same 
Lie group G. Assume that the two actions are Hamiltonian with momentum map- 
pings 

111 : Wi > 0 *, 112 : W 2 > 

Prove that the diagonal action of G on W\ x W 2 is Hamiltonian with momentum 
mapping 

fi:WixW2 > 0^ 

(xi,X2) 1 ^ l^l{xi) + I12{X2)- 

Exercise III.4. Let Ai and A 2 be two distinct real numbers and let A = 
(Ai, A 2 , . . . , A 2 ), so that 

^x'Hx 

A I > £, the Ai-eigenline 

is a diffeomorphism. Prove that the composed map 

/i o : P”-1(C) > Hx ^ t* = R”, 



^®^This example can be found in Arnold’s book [5], which I take this opportunity to recommend. 
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that is, the momentum mapping for the T-action on ^(C) endowed with the 
canonical symplectic form of is 

[zi,...,Zn] ' ^ (Ai - A2)(|2;i|^,...,|2:n|^) + (A2,...,A2) 

where (zi, . . . , Zn) is of unit length. Describe its image in 

Exercise IIL5. Let W be a symplectic manifold endowed with a Hamiltonian G- 
action, with momentum mapping fi. Let a: be a point in W. We know that /i sends 
the orbit G • x into the coadjoint orbit G • /i(x) C 5 *. Let u be the symplectic form 
of the orbit G • //(x). What can be said of the 2-form fi^uj on G • x? 

Exercise IIL6. Show that the equality in Lemma IIL2.11 remains true if one merely 
assumes that is a submanifold the tangent space of which is KerTa^/x (instead 
of requiring that ^ be a regular value). Hint: show that in this case dirnG^ = 
dim G - dim W + dim V^. 

Exercise III. 7. Consider the situation investigated in Proposition HI.2.22. Assume 
that ^ is a regular value of and that G acts freely on /i“^(G • ^). Prove that 

Tx(/^“^(G • 0) = ^ 'TxW \3X e Q such that = ad^ /i(x)} , 

that 

dim /x-^G • 0/G = dim W + dim G • ^ - 2 dim G, 
and that the (reduced) symplectic form is given by 

{X and V being defined by the relation above). 

Exercise IIL8. Endow with its canonical symplectic form. The unitary group 
U(n) acts on (by definition). Prove that the formula 

= '-^Xz, zec^, X e u(n) 

defines a momentum mapping 

/i : > u{nY 

for this action. Deduce that the (induced) action of U(n) on P’^“^(C) is Hamilto- 
nian and write a formula for its momentum mapping. Identifying u(n) with u(n)'*' 
by the map 

check that the inclusion SU(n) C U(n) gives, at the (dual of) Lie algebra level 

u{nY > $u{nY 

Ai >A- (itrA)ld. 
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Deduce that the momentum mapping for the action of SU(n) on is 

z I > z^z — — ti(z^zld). 

n 

What is the momentum mapping 

^5u(n)? 

Prove that the composition of // with the stereographic projection 

S2 ^Cu{oo} = pi(C) — ^ su(2) =CxR 

/ , x + iy fo- fu \ 

(i.B.zji , — (^5 -aj 

is just the inclusion (x, y, z) i-^ ^(x, y, z). 

Exercise IIL9. Consider the natural action of SO (3) on C R^. Recall that the 
momentum mapping is just the inclusion. Determine the momentum mapping for 
the diagonal action of SO(3) on x • • • x S^. 

Using the fact that = P^(C), check that the quotient 

X • . . X S V©n 
n times 

by the permutation of factors is diffeomorphic to P^(C) (hint: C^/&n is the affine 
space of monic polynomials of degree n hy (zi, Zn) (z — zi) - • (z - Zn) , you 
just have to compactify both spaces). Deduce a Hamiltonian SO(3)-action on the 
projective space P^(C). 

Exercise HI. 10. The group SU(2) acts on C^, hence it acts on the vector space (of 
dimension n + 1) of homogeneous polynomials of degree n in two variables by 

{A ■ P){x,y) = P{{x,y) ■ A). 

Check that the action of SU(2) on P’^(C) defined this way induces an effective 
action of SO(3). . . that coincides with the action defined in Exercise III. 9. 



Exercise HI. 11 (Symplectic area of the sphere). Consider, on P’^(C), the reduced 
symplectic form <Ja at the level a (namely, coming from the sphere of radius \/^) 
as in Example III.2.18. Consider a projective line P^{C) C P’^(C) (or let n be 1). 
Check that 

/ aa = 27ra. 

7pi(C) 

Exercise HI. 12 (Reduction in stages). Let G = Gi x G 2 act in a Hamiltonian way on 
the symplectic manifold W. Let fj^i :W ^ he the components of the momentum 
mapping 



fi:W 
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Check that /i 2 is invariant under the Gi-action. Let V\ = Assume that Gi 

acts freely on Vi so that Wi = Vi/Gi is a symplectic manifold. Prove that G 2 acts 
on Wi with momentum mapping JI 2 02 making the diagram 




commute. Assume that G acts freely on ^(0,0). Prove that G 2 acts freely on 
/I 2 ^(0) and that there is a natural symplectic diffeomorphism 



M2 H0)/G2 



M“'(0,0)/G. 



Exercise IIL13. Let W be the complement of the zero section in the tangent bundle 
TS’^. Consider the S^action of the geodesic flow (of the round metric) on TS^ 
(Exercise 11.30). Let a be a positive real number. Prove that the manifold obtained 
by symplectic reduction of the level a is diffeomorphic with the Grassmannian 
G 2 (R’^~^^) of oriented 2-planes in (that we have already met in Exercise 

1.21 and which is thus a symplectic manifold). Identify the reduced surface and its 
symplectic form when n = 2. 

Exercise III. 14. The isometry group SO(n + 1) acts on and (diagonally) on 
by 

A • {x iy) = A - X + iA • y. 

Identifying so{n + I)"*" with the vector space (as we did for 5o(4)^ in 

Exercise 1.20), prove that the momentum mapping of this action is 

X iy I > X Ay. 



Deduce a Hamiltonian action of SO(n + 1) on P"^(C) with momentum mapping 



[x + iy] 



M 



X Ay 



\\xf + \\yf 



Prove that the function 
tion 



11^ is maximal along the submanifold of P’^(C) of equa- 



and that this quadric hypersurface is diffeomorphic with the Grassmannian 
G 2 (R^~*”^) (already^^^ met in Exercises 1.21 and III. 13). Check that the comple- 
ment of this quadric in P’^(C) is diffeomorphic with an open disc bundle^^^ in the 
tangent bundle TP^(R). 



(^^This is another way to see this Grassmannian as a symplectic (actually Kahler) manifold. See 
Exercise III. 15. 

(^^This is an example of a Lagrangian barrier, see [23]. 
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Exercise HL15. Consider now the various descriptions of the Grassmannian 
as a symplectic manifold of dimension 2n that we have met: 

- This is a coadjoint orbit in so{n + 2)'*' (Exercise 1.21). 

- This is a symplectic reduction, starting from (Exercise III.13). 

- This is a quadric in P’^+^(C) (Exercises 1.21 and III.14). 

Compare the symplectic forms got in these ways (notice that the two first descrip- 
tions depend on a parameter). 

Exercise III. 16 (Complex Grassmannians). The unitary group U(fc) acts on the 
product X • • • X (fc times) by 

A- = AXvi,...,Vk) 

(multiplication of the k x fc-matrix A by the matrix the rows of which are the row 
vectors Vi). Notice that the case where fc = 1 is that of the standard -action 
by multiplication on C^. Prove that this is a Hamiltonian action with momentum 
mapping 

= 2 Gu(n)* 

(the dual u(n)'*' being identified, as usual, with the space 7i of Hermitian matrices). 
Use this to endow the complex Grassmannian Gk{C^) of fc-planes in with 
(reduced) symplectic forms. 




Figure 6. Symplectic teardrops 



iExem5^///.i 7 (A symplectic teardrop). Let act on by 

u-{x,y) = {u^x,u^y) 

for two relatively prime positive integers k and t. Check that this is a Hamiltonian 
action with momentum mapping 

= \{k\x\^ + I \y\^). 
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Let a be any positive real number. What are the stabilizers of the points in the 
regular level /i“^(a)? Prove that the symplectic reduction is a symplectic orbifold 
(at least if fc or ^ ^ 2). 

Exercise HI. 18 (Weighted projective spaces). Let fci , . . . , fcn+i be relatively prime 
positive integers. Prove that the reduced spaces of the S^-action on by 

U • (zi , . . . 5 — (u , . . . , U ^ 

are compact symplectic orbifolds, the weighted projective spaces. Prove that the 
standard action of the torus on defines a Hamiltonian action on the 

weighted projective space. 

Let n = 2, {ki,k 2 ,h) = (1,2,3). Determine the image of the momentum 
mapping for the T^-action above. 

Exercise HI. 19 (Symplectic cutting). Let H he a periodic Hamiltonian on a sym- 
plectic manifold W. Consider the S^action on the product VF x C by 

u • (x, z) = {u- x^uz) 

and its momentum mapping 

H{x, z) = H{x) ■ 

Assume the S^-action on the level H~^{t) is free. Prove that t is then a regular 
value of H and that is the disjoint union of the two submanifolds 

{(x,0) I H{x) =t}\J |(x,z) I H{x) > t and z = u - ^/2{H{x) - ^)| . 

Notice that both are -invariant and that the first one is diffeomorphic to 
Check that the second is equivariantly diffeomorphic with jH“^(]t, +oo[) x S^. 
Deduce that the reduced symplectic manifold H~^{t)/S^ contains an open sub- 
manifold diffeomorphic with the open submanifold i/“^(]t, +oo[) and that the 
complement is isomorphic with the reduced space H~^{t)/S^. 

We have thus cut the symplectic manifold W at the level t of H and “closed” 
it by the addition of a symplectic submanifold isomorphic with This 

simple and elegant construction is due to Lerman [93], it has beautiful applications, 
see for instance [94]. 

Example. Assume W = and H{x) = ^ ||x||^ is the Hamiltonian of the standard 
S^-action. let t be any positive real number. Prove that the symplectic cut of 
at t is the manifold obtained by replacing a ball of radius \/^ in by a complex 
projective space P’^"^(C). Let p be a point in a symplectic manifold. According to 
Darboux’s theorem, a neighborhood of p contains a ball on which the symplectic 
form is the standard form on Deduce that the symplectic cutting can be 
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performed at any point of any symplectic manifold. This is the symplectic blow 
up of McDuff [ 105 ]. See also [ 106 , §6.2]. 

Exercise IIL20 (The harmonic oscillator). Consider, on endowed with its stan- 
dard symplectic form u) = dp A dq^ the Hamiltonian 

H{p,q) = 

for some real number a > 0. When is this a periodic Hamiltonian? In the general 
case, determine the regular levels and the action-angle coordinates. 

Exercise IIL2L Consider, on endowed with its standard symplectic form 
dp A dq^ the Hamiltonians 

H{q,p) = ^{p^+q^) and K{q,p) = H{q,pf. 

The first one is periodic, associated with the standard S^-action on R^ by ro- 
tations. As any function on a symplectic manifold of dimension 2, K can be 
considered as an integrable system. What are its Liouville tori? Determine the 
action- angle coordinates for K on an (as big as possible) open subspace of R^. 
Prove that the flow of Xk is 

What is the period of on the orbit of z? Prove that the closure of the subgroup 
generated by in the group of diffeomorphisms of the plane is not compact. 

Exercise IIL22 (The spherical pendulum). The bob of a pendulum moves on the 
sphere centered at the fixed point, at the other end of the rope. The spherical 
pendulum is the Hamiltonian system associated with the Hamiltonian 

H=^\\pf-r-q 

where p and q are vectors of R^ and P is the “vertical” and constant gravitation 
held. Prove that the phase space is 




TS^ = ^{q,p) € R^ X R^ I ll^ll^ = 1 and g • p = o| , 
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the tangent bundle to the sphere S^, endowed with the restriction of the standard 
symplectic form of x R^, which is still symplectic (Exercise II.9). Check that 
the Hamiltonian vector field associated with H is Xh = with Y = p and 

X = r — (g • r -f ||p||^)g, so that the Hamiltonian system is 

(q = p 

\p = T -{q-T+\\pf)q. 

Prove that the system is invariant under the group of rotations around the vertical 




axis. What is the momentum mapping of this -action? Deduce that the function 
K defined by 

K{q,p) = {qAp)-T 

is a first integral, that commutes with H. . . and that the spherical pendulum is an 
integrable system. Determine the regular values (prove that the critical values are 
as shown in Figure 8). Prove that the regular levels of this system are tori (that is, 
compact and connected) and that, during its motion, the bob oscillates between 
two parallel circles, as shown in Figure 9. 




Figure 9 

It can be shown, see [42] (and also [18, 19]), that there are no global (mean- 
ing defined over the whole set of regular values) action angle coordinates in this 
example. 




CHAPTER IV 



MORSE THEORY FOR HAMILTONIANS 



This chapter is the heart of the book. Quite a few spectacular theorems will be 
proved. The main ones are 

- the famous convexity theorem of Atiyah [ 7 ] and Guillemin-Sternberg [ 63 ] 
which asserts that the image of a compact connected symplectic manifold 
under the momentum mapping of a Hamiltonian torus action is a convex 
polyhedron (this is Theorem IV.4.3) 

- the uniqueness theorem of Delzant [ 39 ], according to which, when the torus 
acting is half the dimension of the manifold, the polyhedron determines the 
manifold (this is Theorem IV.4.20). 

I will also prove refinements (the K abler version of the convexity theorem, 
due to Atiyah) and beautiful applications (the Schur-Horn, Toeplitz-Hausdorff 
and Kushnirenko theorems stated in the introduction). 

In the case of the Hamiltonian action of a torus, the fixed points of the action 
are the critical points of a function. This is why the study of Hamiltonian actions 
is in some sense easy: one can use Morse theory. We shall not avoid it here, so we 
shall begin by proving that the functions under consideration have very convenient 
properties from that point of view (Frankel’s theorem [51], here Theorem IV. 2. 3, 
from which we shall derive, as Atiyah does it, the basic result (Corollary IV. 3. 2) 
announced in the introduction, then the convexity theorem itself and some of its 
applications) . 

In this chapter, we thus consider a symplectic manifold endowed with the 
Hamiltonian action of a torus T, with momentum mapping /x : IT V. 



IV. 1. Critical points of almost periodic Hamiltonians 

IV. 1. a. Almost periodic Hamiltonians. We know that the fixed points of T 
correspond to certain critical points of /x. It would be more convenient to have a 
single function (with values in R) allowing us to study the whole T-action. It is 
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not very difficult to find: choose any X e i which generates T in the sense that 
the one parameter subgroup exp{tX) is dense in T. The associated Hamiltonian 

W t* ^ (RX)* 

has the fixed points of T as critical points. 

We shall say that a function : W R is an almost periodic Hamiltonian 
if the flow of its Hamiltonian vector field Xh generates a subgroup of the group 
of all diffeomorphisms of W the closure of which is a torus. 

Remark IV.1.1. The closure of the subgroup generated by any vector is a con- 
nected commutative subgroup; it is thus equivalent to requiring that the subgroup 
generated by the flow of Xh is compact. This is not a mild assumption. It makes 
a difference, for instance, between a Hamiltonian H and its square (see for 
instance Exercise HI.21). 

Example IV.1.2 (The complex projective space). Consider the projective space 
P^(C), endowed with its standard symplectic form (Example HI.2.18). The torus 

T” = = l 

I i=0 

acts on P^(C) by 

(to? • • • ) ^n) * • • • ) ^n] ~ • • • 5 tnZn\ 

(brackets denote homogeneous coordinates). The fixed points of this action are the 
n + 1 points [0, . . . , 1, 0, . . . , 0]. The action is, of course, Hamiltonian (as that of 
was, see Example HI. 1.7) and is even a special case of the action 
described in Example HI. 1.11. The momentum mapping is deduced from that in 




Figure 1 



Example HI. 1.7, this is the map 
: [zo,...,Zn] H 
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which takes its values in the hyperplane ~ The image of /i (in the case 

n = 2) is shown in Figure 1. Fix real numbers uq, . . . , The function (projection) 

/ : P^(C) > R 

-i n I |2 

r 1 \ ^ CLi \^i\ 

N, . . . ,^n] • > 2 v^n I ,2 

is an almost periodic Hamiltonian. 

IV.l.b. Critical points. Let us now investigate the fixed points of an almost 
periodic Hamiltonian H. Call T the torus “generated by iL”. The critical points 
of H are the zeros of Xh^ or the fixed points of T. We have seen in Corollary 1.2.3 
that the set Z of fixed points is a submanifold in W. 

The symplectic form lu is preserved by T and by definition^ With the help 
of an invariant Riemannian metric, one derives an invariant calibrated almost 
complex structure J and an invariant Hermitian metric (see §11.2). 

Let z e Z. Then the torus T acts on the complex vector space TzW preserving 
J and the Hermitian form, that is to say, as a subgroup of U(n). Notice first that 
all these transformations are diagonalizable: the exponential map t T is onto 
and the elements of t, sitting in u(n) (the skew-Hermitian matrices) cannot avoid 
being diagonalizable. As T is commutative, there is a basis of TzW in which all 
the elements of T are diagonal. We can thus write: 

TzW - Vo 0 0 • • • 0 

where Vo is the subspace of fixed points of T, in other words Vo = TzZ C TzW, 
and each Vj is T-invariant. 

Let us look at how expXn acts on this decomposition. On each complex 
subspace Vj, it acts as multiplication by some scalar exp(iAj) for a real number Xj, 
since Xh G t C u(n). Moreover, Xj is nonzero if j ^ 0, because Xh generates the 
whole torus T. Notice, by the way: 

Proposition IV.l. 3. Each component of the set Z of zeros of the almost periodic 
vector field Xh is a symplectic submanifold. 

Proof As we have just seen, this is an almost complex submanifold for a structure 
calibrated by u. □ 

At each fixed point z, the above gives the second derivative of H: 



(i)This is one more zeugma. 
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Proposition IV. 1.4. The second derivative of H at the critical point z, is, in the 
above notation, the quadratic form 

5EA.hr. 

i=i 

Proof If Vq, . , . ,Vq,Vi, . . . ,Vk are local coordinates corresponding to the decom- 
position above and if Vj = qj -|- ipj , it also follows that 

in other words that 

k 

dH^Y, + Qjdqj). 

In these coordinates, 

k 

i=i 

Notice also that the second derivative is nondegenerate in the direction trans- 
verse to the fixed submanifold. This leads us to the next notion. 

IV.2. Morse functions (in the sense of Bott) 

IV.2.a. Definitions. A function / on a manifold W is called a Morse function 
(in the sense of Bott) if its critical set is a submanifold of W, and if its second 
derivative is a nondegenerate quadratic form in the transverse directions. 

Example IV.2.1. If the critical points are isolated, this means that the second 
derivative is nondegenerate and / is a Morse function (in the sense of Morse!) 

We will use a Morse lemma “with parameter” : 

Proposition IV.2.2. There exist local coordinates (x, y) in the neighborhood of the 
point z of the critical submanifold Z in which 

(1) the submanifold Z is described by y = 0, 

(2) the function f may be written 

f{x,y) = f{z) + qx{y) 

where qx is a quadratic form, nondegenerate in the y variables ( transverse 
to Z ). 



Proof All the constructions in the classical proofs of Morse lemma (see [ 108 ] for 
example) can be parametrized without any difficulty. □ 




IV.2. MORSE FUNCTIONS (IN THE SENSE OF BOTT) 



109 



The index of the second derivative (number of “negative squares” ) is locally 
constant along the critical submanifold. Its value on a connected component 
will be called the index of the critical submanifold Zj and denoted by X(Zj). 

Thanks to the Morse lemma, one can construct subbundles (each isomorphic 
to each other) of rank X(Zj) of the normal bundle to Zj on which the second 
derivative is negative. Such a subbundle is called “the” negative normal bundle. 
What we have said may be summarized as: 

Theorem IV.2.3 (Frankel [51]). Let H be an almost periodic Hamiltonian on a sym- 
plectic manifold {W,lu). Then H is a Morse function, all the critical submanifolds 
of which have an even index. □ 

Example IK2.4 (The complex projective space (continuation)). We consider again 
the projective space with a Morse function / deduced from the momentum map- 
ping of the T’^-action, in two different cases (shown in Figure 2). 



[ 0 , 0 , 1 ) 




Figure 2 

— Choose distinct values of the real numbers a^, ordered as 

ao < ai < • • • < On- 

The function / is then a Morse function. The point [1,0, ... ,0] is the ab- 
solute minimum, the critical point [0, . . . , 0, 1, 0, . . . , 0] (with the 1 at the 
fc-th place) is a critical point of index 2k, corresponding to the k-th critical 
value. Ok. The function / is a perfect Morse function. 

— On the contrary, consider the case where ao — - - — = 0 and Un = 1, 

so that 

f{[zo,...,Zn]) = 



perfect that this is the example of a Morse function given by Milnor in [108] 
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There are only two critical values. The minimum, 0, is obtained on the 
submanifold 2 :^ = 0, a projective hyperplane, critical submanifold of index 0. 
The maximum, is obtained at the point [0, . . . , 0, 1]. 

IV.2.b. Reconstruction. In the case of isolated critical points, one can recon- 
struct the manifold with the help of the critical points and their indices (see [108]). 
When he introduced these more general Morse functions, Bott proved that that 
was also the case for them. Let, for a G R, Wa = {x eW \ f{x) ^ a} and 
Va = {x eW \ f{x) = a} the level a. The two main results of the theory are 
the two next theorems. 

Theorem IK2.5. If W is compact and if the interval [a, 6] C R contains no critical 
value of f, then Wb is diffeomorphic to Wa- 

Hence the topology does not change if we are not going through a critical 
level. Here is what happens when we cross one: 

I R 




Theorem IK2,6. If c ^ [a, 6] is the unique critical value of f in this interval, the 
homotopy type of Wb is described by the addition to Wa of the negative normal 
bundle of the critical submanifold at level c. 

See Figure 3, in which the critical submanifold is a point (the point Z), and 
its negative normal bundle an interval (the curve E). 

Sketch of a proof of Theorem IV.2.5. See [108] for details. Choose a Riemannian 
metric on W, thus getting a gradient vector field grad/, which does not vanish on 
f~^[a, b]. Modify it with the help of a differentiable function p on W which takes 
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the value 1/ ||grad/||^ on / ^[a, b] and which vanishes outside a neighborhood, as 
follows: 

X = pgrad/. 

Calling (ft the flow of X, it is easily checked that (pb-a sends Wb onto Wa- □ 

Proof of Theorem IV. 2. 6. Let Z be the critical submanifold corresponding to c 
and Ue be a small enough tubular neighborhood of Z in W'. We describe now the 
homotopy type of the pair 

Let N be the normal bundle to Z in W and E be the negative normal bundle 
along Z. Identify Us with a part of AT, thus getting a projection p :Us ^ Z. Call 
As the image of E: 

As 1^'?^ G Us I V G Ep(^y^ ^ 

and Aj the complement of Z in As (see Figure 4). 




Figure 4 



Choosing a supplement bundle D of E in X, it is now very easy to write 
down a retraction N — D E^ and it is not more difficult to prove the following 
lemma. 

Lemma IK2.7, Fore small enough, there exists a retraction (by deformation) 

{Wc,Ws)nUs >{As^Aj). □ 

This ends the proof. □ 

IV.3. Connectedness of the fibers of the momentum mapping 

Let us begin by stating and proving the key result of [7]. 
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Connectedness of the levels. 

Theorem IV.3.L Let f be a nondegenerate function (in the sense of Bott) which 
has no critical submanifold of index 1 or n — 1. Then it has a unique local minimum 
and a unique local maximum. Moreover, all of its nonempty levels are connected. 

Proof We use Theorem IV. 2. 6. The homotopy type of Wa can change only by 
crossing a critical level, in which case it changes by adding to Wa the negative 
normal bundle of the critical submanifold. If the critical submanifold has index 0, 
that is if this is a local minimum, we add a connected component. To connect all 
pieces later on, as W is connected, we must go through a new critical level, for 
which the sphere bundle of the negative bundle must be connected. . . but this is 
impossible except if the index of the submanifold is 1. Thus it is seen that there 
can be only one local minimum, and, applying the result to — /, only one local 
maximum 

Moreover, Wa is connected, and, for the same reasons, 

= {x I fix) > a} 

is connected as well. Assume Vc = f~^{c) is a nonconnected level. Any component 
of Vc thus defines a nontrivial element in Hn-i{Wc). But this group is zero: indeed, 
if c is strictly contained between the minimum and the maximum of /, the critical 
submanifolds of critical levels lower than c all have negative normal bundles of 
dimension ^ n — 2 which cannot create nonzero elements of JTn-i- D 

The case of almost periodic Hamiltonians. One easily deduces the next 
corollary from Theorems IV.2.3 and IV.3.1. 

Corollary IV.3,2. Let {W,uj) be a compact connected symplectic manifold and let 
H : W H be an almost periodic Hamiltonian. All the levels H~^{t) of H are 
empty or connected. □ 

Remark IV.3.3. This use of Morse theory and this connectedness result are the core 
of the topic treated in this book. Morse theory will also be used in Chapter VIII. 
It also plays a role in more difficult problems, for instance in the results analogous 
to Theorem IV.4.3 for noncommutative groups, which for a relatively long period 
were not completely solved. When Kirwan succeeded, in [86], this was with the 
help of the function ||/i||^, which is rather degenerate, but has nevertheless enough 
of the properties of Morse functions to be handled and give results [ 85 ]. There are 
now alternative ways of proving the convexity theorems, for instance [ 34 , 2 , 94 ]. 
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IV.4. Application to convexity theorems 

IV.4. a. Ginzburg’s proof of the Toeplitz-Hausdorff theorem. Recall its 
statement, already given in the introduction. 

Theorem IK4.L Let A be an n x n complex matrix, and let A G The image 
of the mapping 

fA : Hx > C 

X I > ir{AX) 

is a convex subset of C. 

We begin by proving a direct application of Corollary IV. 3. 2. 

Lemma IV.4.2. Let {W, cu) be a symplectic manifold. Let fi and f 2 be two functions, 
the Hamiltonian vector fields of which generate a relatively compact subgroup in 
the diffeomorphism group ofW. The image of f\ x f 2 is a convex subset o/R^. 

Proof of the lemma. Let i/ : VL ^ R be the composition of fi x f 2 with any linear 
projection R^ ^ R. The Hamiltonian vector field of H generates a relatively com- 
pact subgroup in the group of diffeomorphisms of W, thus H is almost periodic. Its 
fibers are connected. . . bi^all these fibers, when H varies, are all the intersections 
of the image of fi x f 2 with the straight lines in R^. Hence this image meets any 
straight line in an interval, thus it is convex. □ 

Proof of the theorem. Apply the lemma to 

W = Hx, /i=Re/A, / 2 -Im/A. 

The only thing we need to check is that the Hamiltonian vector fields of fi and /2 
generate a relatively compact subgroup in the diffeomorphism group of H\. This 
is true because these are fundamental vector fields for the action of U(n) on H\, 
the subgroup they generate is then a subgroup of the compact group U(n): indeed 
if one writes A = U -\-iV with U and V Hermitian matrices, then fi{h) = tr(f7h), 
/ 2 (h) = tv{Vh), and fi is a Hamiltonian for the vector field ilf, f 2 a Hamiltonian 
for the vector field iV, as we have seen in Exercise 11.26. □ 

IV.4.b. Convexity of the image of the momentum mapping. Imitating 
the proof of Lemma IV.4. 2, we get Atiyah’s proof of the Atiyah [7] and Guillemin- 
Sternberg [63] convexity theorem. 

Theorem IV.4.3. Let (W,uj) be a compact connected symplectic manifold. Assume 
that /i, . . . , /n are n functions on W, the flows of the Hamiltonian vector fields of 
which generate a subgroup of the dijfeomorphism group of W the closure of which 
is a torus. Then the image of W by the mapping f = is a convex 

subset of R^. Moreover if Z\, ..., Zn denote the connected components of the set 
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of common critical points of the fj ’s, then f{Zj) is a point Cj and f{W) is the 
convex hull of the points cj . 

Remark IK4.4. As we have noticed (in Remark IV. 1.1), the fact that Xf. generates 
a compact subgroup is very sensitive to the actual function fi used. This is also, 
even more obviously, the case for the conclusion of the theorem (imagine what 
happens to the polyhedron if you replace one of the /^’s by its square for instance). 

In particular, if fi is the momentum mapping for a Hamiltonian action of the 
torus on IV, the choice of a basis of identifies V to and the components 
of /i to n functions /i, • • . , /n satisfying the assumption of the theorem. 

Corollary IV.4.5. Let iW^uj) he a compact connected symplectic manifold endowed 
with a Hamiltonian torus action with momentum mapping p. The image of p is 
a convex polyhedron in V, the convex hull of the images of the fixed points of the 
torus action. 



Example IV.4.6 (The complex projective space (continuation)). The image of 
pn-i(c) under the momentum mapping (shown in Figure 1) is the convex hull of 
the n points ^(0, . . . , 0, 1, 0, . . . , 0), images of the fixed points [0, . . . , 0, 1, 0, . . . , 0] 
of the T’^-action. 



Proof of the theorem. We prove the following statements (in which n is the number 
of component functions of /): 

{An) The level set f~^{t) is empty or connected for all t G 
(Bn) The image /(IV) is convex. 

{Cn) If Zi, . . . , Zjv are the connected components of the set of common critical 
points of the //s, then f{Zj) is a point Cj and /(IV) is the convex hull of 
the points Cj. 

Having noticed that {Bi) is obvious, we first prove that {An) implies (B^+i)- 
For this, consider the diagram 



(/l7-*-)/n+l) 

IV ^ R^+1 



R^ 



where tt is any linear projection. The assumption applies to ^ = tt o /, since any 
connected closed subgroup of a torus is a torus. As in the proof of Lemma IV.4.2, 
the subsets 



f{W)r\TT \t) = f{g ^{t)) 
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describe, when tt and t vary, the intersections of f{W) with all the straight lines 
in By Property {An), g~^{t) is empty or connected, likewise its image by /, 

thus f{W) is convex. 

Let us now prove that {Bn) implies (Cn). Denote by Xi, . . . , the Hamil- 
tonian vector fields associated with /i, . . . , /n. Let T be the torus they generate. 
The Zj’s are the connected components of the set of fixed points of T. On such 
a component, the X^’s vanish, thus the /^’s are constant, so that f{Zj) = Cj is 
indeed a point of R’^. Let now (/? be a linear combination ip = "^Xifi, the real 
numbers A^’s being chosen so generic that the vector field X = ^ A^X^ generates 
a dense subgroup of T. Then the Z/s are the components of the set of critical 
points of (p. In particular, the maximum of (p occurs on Z. Hence the restriction 
of the linear form ^ Xi^i on R’^ to f{W) reaches its maximum at one of the Cj’s. 
As this is true for almost any choice of the A^’s, the image of W is contained in 
the convex hull of the points Cj . We already know that it is convex. It contains cj 
by definition, so we have proven (Cn). 

Let us now show by induction on n that {An) holds. Statement {Ai) is exactly 
Corollary IV.3.2. We now assume, by induction assumption, that (A^) is true. Let 

/i,...,/n+i : W >R 

be n -f 1 functions satisfying the assumption and let ^ = (^i, . . . , ^n+i) be a point 
in We want to show that 

f~\0 = n • • • n /;'+i(^„+i) 

is empty or connected. If / has no regular value, then one of the dfi is a linear 
combination of the others, we may forget it and apply {An), so that we are done. 
Otherwise, the set of regular values is dense. By continuity, we may thus assume 
that ^ is a regular value of /. Then X = fl • • • fl is a submanifold 

of W. By {An), we know that this submanifold is connected. 

Let us now check that /n+i|iv satisfies the assumptions of Theorem IV.3.1. 
Consider its critical points on N. These are the points of W where (on W) d/n+i 
is a linear combination of the d/i’s, 

n 

dfn+i{x) = y^Ai(a;)d/i(x). 

i=zl 

Lemma IV.4.7, The Xi’s are locally constant on the set of critical points of fn^i 
in N. 

Proof Let x be such a critical point. We have 

n 

A:„+i(a;) = ^Ai(a;)Xi(a:). 

1=1 
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Hence the Lie algebra of the stabilizer of x contains the line generated by Xn-\~i — 
^ XiXi. Let X be any vector in this stabilizer. By definition of N, we know that 
the vector fields Xi,...^Xn are independent at x, so that X is a multiple of 
Xn-\-i — '^liiXi for some scalars /if ’s. Hence 

n 

{Xn+l ~'^lliXi){x) = 0 , 
i=l 

hence /if = Af(x) and the Lie algebra of the stabilizer of x is the line generated 
by Xn+i — ^Af(x)Xf. Now the manifold W is compact, so that there are only 
finitely many orbit types and hence finitely many stabilizers. The Af’s must thus 
be locally constant. □ 

Let X G X be such a critical point. The Af’s are constants near x. Put 
F = /n+i — '^Xifi and let Z be the component of critical points of F (on W) 
which contains x. The function F is an almost periodic Hamiltonian on IT as well, 
to which we cannot refrain from applying Frankel’s theorem (Theorem IV.2.3). 

Lemma IV.4.8. The submanifolds Z and N are transversal at x. 

Proof We must show that d/i(x), . . . , dfn{x) are still independent when restricted 
to Z. Let Xi, . . . , Xn be the Hamiltonian vector fields associated to /i, . . . , /^. 
They are tangent to Z because the Poisson brackets {/f , F} vanish, but Z is sym- 
plectic, thus for all (ai, . . . , a^), there exists Y G T^Z such that oo{Y^ afXf , T) ^ 0, 
which may be equally well written ^afd/f(y) 0. □ 

Now we know that Z fl X is a critical submanifold of F\n. Moreover, the 
transversality of Z and N implies that the normal bundle of Z fl X in X is the 
restriction to Z fl X of the normal bundle of Z in W. Thus, Z fl X is a critical 
submanifold of even index. Now, when restricted to X, F = /n+i — ^ Af^f , (and 
thus /n+i) has the same property. We may then apply Theorem IV.3.1 to /n+ilv, 
from which it follows that 

(/n+l|iv)-'(^„+l) = Nnf-\^n+l) = r\0 
is connected, hence (v4^_^i) holds. And this is the end of the proof. □ 

Remark IK4.9. We deduce that the vector fields Xi, . . . , Xn have common zeros (in 
other words the torus action does have fixed points): it follows from the theorem 
that Z is not empty. Moreover, there may be a lot of those fixed points, as the 
following corollary shows. 

Corollary IK4.10. Let T be an n-dimensional torus acting in an effective and 
Hamiltonian way on a compact symplectic manifold {W^u). The action has at 
least n + 1 fixed points. 
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Proof. We have noticed in Corollary IIL2.4 that, for an effective action, there 
exists at least one point at which the momentum mapping // is submersive, and 
thus open. Hence the image fi{W) is a convex polyhedron with nonempty interior 
in R’^, it must thus have at least n + 1 vertices, which cannot avoid being the 
images of at least as many fixed points. □ 

This corollary generalizes the remark we have made forn = 1 at the beginning 
of §111.2. 

IV.4.C. Application: a theorem of Schur on Hermitian matrices. We shall 
apply the convexity theorem to the action by conjugation of the torus of diagonal 
unitary matrices on Hermitian matrices. Thanks to §HI.l.c, we already know that 
the momentum mapping of this action maps a Hermitian matrix h to its diagonal 
entries , /in,n)? and the convexity theorem says: 

Corollary IV.4.11 ([121], and also [88, 7, 63]). Let h be a Hermitian matrix with 
spectrum X = (Ai, . . . , A^) G and let S = {(A^(i), . . . , A^(^)) | a G 6n}- Then 
the diagonal of the matrix h is in the convex hull S of S. Conversely, any point of 
S is the diagonal of a Hermitian matrix with spectrum A. 

Proof The only thing we have to check is that the points in S are the fixed points 
of the action of T on H\. It is thus enough to notice that an element h of H\ is 
fixed by T if and only if it is diagonal. □ 

We have hi^i H \-hn,n — trh = Xi-\ h A^ constant on H\, in particular, 

its image is included in a hyperplane and the action is not effective. 

Figure 5 shows some examples, in the case n = 3. In the first picture, the three 





eigenvalues are distinct, H\ is the manifold of complete flags in (a symplectic 
manifold of dimension 6) and its image is a hexagon. In the second one, there are 
only two distinct eigenvalues, H\ is a complex projective plane and the image a 
triangle (the very same triangle, indeed, that appears in Figure 1). Figure 6 shows 
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the image of a principal SU(4)-orbit (this is the manifold of complete flags in C^, 
so that it has dimension 12). This polyhedron, the faces of which are rectangles 
and hexagons, is a permutahedron^^\ 




Permutahedra can be understood as geometric representations of the sym- 
metric group. The permutahedron Pn is also the image by the momentum mapping 
Wi,2,...,n+i ^ of a principal coadjoint orbit of SU(n + 1). 

More generally, let (9 be a principal coadjoint orbit in the dual g* of the 
Lie algebra of a compact Lie group G. Recall from Remark II.3.5 that 0 is the 
homogeneous space G/T for some maximal torus T of G. Now, the fixed points of 
the T-action on 0 correspond to elements in A^(T)/T == W(G), the Weyl group 
of G (here, iV(T) denotes the normalizer of T in G). The vertices of the image of 
the momentum mapping 

/I : 0 C > P 

look like the Weyl group of G. For more information on images of orbits, see [62]. 

IV.4.d. Orbits, stabilizers and the image of the momentum mapping. 

The polyhedra we get as images of momentum mappings are rather special ones. 
Applying the equivariant version of the Darboux Theorem, we shall now investigate 
them and especially look at the “equations” of their faces. 

Let z be a fixed point of the Hamiltonian action of torus on the symplectic 
manifold W. The group acts in a linear way on the tangent space T^W as above, 

T,W-Fi0---0Pn. 

Here, each Vi is a complex line on which acts by multiplication 
t ‘ Vi = t^^Vi where t = {ti, . . . ,tn) ^ x • • • x C 



(^^The permutahedron Pn is defined as the convex hull of the points . . . ,cr(n)) when a 

describes the symmetric group 6n- See Exercise IV. 11. 
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for some multi-exponent ai = (al, . . . ,a^) G Z^. We can also consider ai as the 
element of defined by 

{q^ 2, Cj) = Qj 

where (ci, . . . , e^) is the basis of t defined by the above decomposition. To say the 
same thing in a more intrinsic way, the T-action on Vi is defined by its character 
Oi : T ^ S^; differentiating and transposing, we get a map R t^, and at is just 
the image of 1, the weight of the representation. 

Proposition IV.4 A 2. Let z be a fixed point in the symplectic manifold W and let 
p = p,(^z) G V be its image under the momentum mapping of the torus action. 
There exists a neighborhood U of z inW and a neighborhood V of p in such that 

p(l4) = V n Cp{^Oii 5 • . • 5 e^n) 

where Cp(o;i, . . . , On) denotes the convex cone with vertex p generated by the vec- 
tors (oi, . . . , an) in V . 

Proof We first apply the Darboux Theorem in its equivariant form (this is Re- 
mark II. 1.13) near the fixed point z. The exponential of any invariant Riemannian 
metric 

exp : T,W > W 

conjugates the T-action on W and the linear action on JzW described above. 
Moreover, it sends a neighborhood Uo of 0 in onto a neighborhood U of z 
in W. If Uq is small enough, one finds a T-equivariant map 

V^:(ZYo,0). ^(T,W,0) 

such that exp^ u = uq. We now have two momentum mappings: 

: T^W D Uo U t* 

on the one hand, and 

Mo : TzW > t* 

(associated with the linear action) on the other hand. They can only differ by a 
constant vector, we may thus fix Mo(0) = p'{0) = p{z) = pin order that they agree 
everywhere. Of course we have 

Ho{vu . . ■ ,Vn) ^ p + - p^a\ \vif 

z=l i=l 

and hence the image oiUhy pi (as that of by //q) is the cone 

m 

p + Y^Uitti {Ui 0). □ 

i=l 

Corollary IV.4.13. The hyperplanes which delimit the polyhedron P in V have in- 
tegral equations. □ 
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This statement may be understood, either in coordinates, or, in a more in- 
trinsic way, as follows. The equation of any hyperplane in V" may be written as 
(X, = a for some X e i and a G R; and in our case we can assume that X 

generates a circle Sx in T, namely, that expX == 1. 

Choose one of these hyperplanes, say if, and such an “integral” vector X. 
The vector field X is periodic and is the Hamiltonian vector field of the function 

X 1 > (X,/i(x)) = Jix{x). 

Let F C H he the face of P which is contained in H. Consider /i~^(F). By the 
very definition, Jix is constant on that is to say that the circle Sx fixes 

all points of /i~^(F), which is thus included in the union of the fixed submanifolds 
of Sx, and hence is a symplectic submanifold of W. 

As the T-action on W is effective, T/Sx is a torus with an effective action 
on ja~^{F). The open set consisting of principal orbits corresponds to those points 
X of jr~^{F) for which ImT^,// = H (this is always a subspace of H). In this case, 

(ImT^/i)° 

is indeed the Lie algebra of the stabilizer. In particular 

dim ja~^{F) = dim if - 1. 

The momentum mapping of the T/S'x-action on is obtained from 

- the exact sequence of groups 

1 ^ ^ T > T/Sx > 1 

- which may be differentiated, giving the exact sequence of Lie algebras 

0 > Sx ^ f ^ i/5x ^ 0 

- and then transposed to the exact sequence of vector spaces 

0 > {i/sxY > > 5^ ^ 0 

which exhibits {i/sxY ^ ^ hyperplane of (parallel to if!). The momentum 
mapping /x, which takes its values in this hyperplane (up to translation), is the 
momentum mapping for the action of the quotient group. 

IV.4.e. Effective actions and Delzant’s uniqueness theorem. We con- 
centrate now on effective completely integrable actions, that is actions of half- 
dimensional tori. 

Corollary IK4.14. Let W be a compact connected symplectic manifold endowed 
with an effective completely integrable action. For any point z ^ W, the rank of 
the momentum mapping [i at z is the dimension of the face of ia{W) to which ja{z) 
belongs. 
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Proof. Let H be the (neutral component of the) stabilizer of 2 ;. Let k be its dimen- 
sion. We look at the action of H on W as a subgroup of T. Now 2: is a fixed point. 
We can choose a basis (Xi, . . . , Xk) of f), completed as a basis (Xi, . . . , Xn) of t 
(here 2n = dim W), so that the projection tt : f)"*" is just 

(65 • • • ,^n) ' ^ (6^ • • • 

and the momentum mapping /in is tt o /i. We apply Proposition IV.4. 12 to the 
fixed point z of H and get 

/^h(^) = V n Cp((Ti, . . . 

Now, as H is the (neutral component of the) stabilizer of z, the weights ai, . . . , 
generate (a rank-A; sublattice of) the lattice Z^, so that the cone Cp has p as its 
unique vertex and the dimension of the face of /i( W) to which p belongs is n-k. □ 

Remark IV.4.15. As we assume the action to be effective, the interior of the 
polyhedron P under consideration is nonempty {jj, being a submersion at some 
point). As we also assume that the torus acting is of maximal dimension (half the 
dimension of the manifold), the points with trivial stabilizer in W correspond to 
the points in the interior of the polyhedron. According to Proposition III.2.3, the 
interior points of the polyhedron are then^"^^ the regular values of the momentum 
mapping. 

This proof of the corollary above gives a more precise result. 

Proposition IK4.16. Let P be the image polyhedron of the momentum mapping p, 
of an effective completely integrable action. Let F be any k-dimensional face of P. 
Then p~^{F) is a symplectic submanifold of dimension 2k and 

is a fibration with fiber a torus . □ 

o 

In this statement, F denotes the relative interior of F, namely its interior in 
the affine space it spans. 

Still considering the effective completely integrable action of a torus T, let 
now z be a fixed point of the whole group T and let p = p{z). We know that z is 
an isolated fixed point, hence the weights of the linearized action of T on 

form a basis of P. Hence, at each vertex of the polyhedron P, we see a polyhe- 
dral cone generated by n independent vectors. Such a polyhedron is said to be 



( 4 ) This is not the case when the dimension of the torus is smaller. See, for instance, Exercise IV. 10. 




122 



CHAPTER IV. MORSE THEORY FOR HAMILTONIANS 



simple. Recall that the action is also effective, so that the weights must form an 
integral basis of the lattice G t*. Such a simple polyhedron is called primitive 
(see Figure 7). We thus have proved the following proposition. 



simple 



nonsimple 




primitive nonprimitive 




Figure 7 

Proposition IV.4.1 7 ([39]). The polyhedron image of the momentum mapping of an 
effective completely integrable action on a compact connected symplectic manifold 
is primitive. □ 

A theorem of Delzant asserts the converse: all primitive polyhedra are indeed 
images of such momentum mappings^^^ . We will check that this is true in Chap- 
ter VII. 

Remarks IV.4.1 8 

(1) If the action is not effective, the polyhedron will not be primitive. See 
Exercise IV. 3. 

(2) There is of course no claim that the polyhedron itself should be integral. 
The reader has certainly understood, for instance, that multiplying the 
symplectic form by A will result in a dilation (by A) on the polyhedron. 

/K¥.i9 (Global action-angle coordinates). Let /x : W — > be the mo- 

mentum mapping for an effective completely integrable action. We know (this is 
assertion {An) in the proof of Theorem IV.4.3) that all the levels of p are con- 
nected. Moreover, we have seen (this is Remark IV. 4. 15) that the points in the 
interior of the polyhedron P = p{W) are regular values of p. Let t be a point of the 

o 

interior P. Its inverse image is a T"-orbit and a Liouville torus (according 

to the terminology of §III.3.b). Also 

>P 



(®)This is why primitive polyhedra are sometimes (see for instance [61, 31]) called Delzant 
polyhedra. 
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is a submersion and, in particular (Ehresmann’s theorem as in §III.3.b, plus the 

o o o 

fact that P is contractile), the open subset /i“^(P) is diffeomorphic to P x T^. 

o 

Still because the interior P is contractile, the symplectic form u; is exact on 

o 

the inverse image /i~^(P): we have 

but the fibers are Lagrangian, so that [a;] = 0. Hence, following the proof of the 
Arnold-Liouville Theorem (Theorem III.3.3), the components of the momentum 
mapping are already action coordinates and we deduce angle coordinates using 
any section. Hence, we have seen that there are global action-angle coordinates^®^ 

on fi~^ (P). 

Let us now come to the main result of this subsection, namely, Delzant’s 
uniqueness theorem, which asserts that the polyhedron determines the symplectic 
manifold. Precisely: 

Theorem IV4.20 Let {W,u), (W\cu') be two compact connected 

symplectic manifolds of dimension 2n. Assume that both are endowed with an 
effective completely integrable action and that the two momentum mappings 

: PE > R^, ji' : PT' > 

have the same image. Then there exists an equivariant (symplectic) diffeomorphism 
(f : W > W' such that p! o(p = p,. 

The only reason why I have put the word ‘‘symplectic” in parentheses is 
that I will not prove that part of the statement, proving only that the equivariant 
diffeomorphism type of the symplectic manifold is determined by the polyhedron. 
The proof I give here is the original proof of [39] . 

Let p G p{W) he a point of the polyhedron P and let F be the face the relative 
interior of which p belongs to. From Proposition IV.4. 16, we know that p~^{F) is 
a symplectic submanifold acted on by a half-dimensional torus T^. Moreover, its 
normal bundle is trivial. Using action-angle coordinates (see Theorem HI.3.3), we 
get: 

Proposition IV.4.2L Let U be a small open ball centered at p, such that u = UOF 
is a relatively open ball in F. Then a neighborhood of p~^{U) is diffeomorphic to 

X P X cT^ xU X 



This is not always the case that there exist global action-angle coordinates over the set of regu- 
lar values of an integrable system. See, for instance, the references about the spherical pendulum 
given in Exercise III. 22. 
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by a diffeomorphism 

- which pulls back the symplectic form 

k n—k 

f\ dJ j dx j /\ dy j 

j=i j=i 

to the symplectic form uj and 

- which is equivariant with respect to the x -action on x 

U X by 

{e^^\. . . . .,Un-k) • . . . , . • • ,^n-fc) 

= , . . . , , Jl , . . . , Jk.UiZi, . . . , Un-kZn-k) • 

□ 

This gives a semi-local normal form for our manifold with T’^-action around 
the pre-image of any point of P. Notice that the momentum mapping is 

/i(e p-\- ^t/i , • • • 5 t/fc? 2 I'^i I ’ ’ ’ ’ ’ 2 ^ ) ’ 

The next lemma will allow us to glue these data together. 

Lemma IK4.22, Let (p be a diffeomorphism ofT^xU x such that 

— p is T'^ -equivariant, 

— po p = p. 

Then p can be extended to a diffeomorphism p of xU x having the 

same properties. 

Proof The diffeomorphism p has the form 

p{6 , J , Z\, . . . , Zji—]f) — d" 0{), J , 'Ipi 5 • • • 5 '^n—k) 

with = {zjf' and 

'0J [0 , J , U\Zi UYi—k^n—k) ~ -2^1 > • • • ? ^n—k)' 

We look at the function -01. We have, for (xi, . . . , Xn-k) real, 

\'il;i{e,J,Xi,...,Xn-k)f = \xif 

and 

'01 {6 , J, Xi , . . . , Xji—i^^ 01 {0 , J , X\, . . . , Xfi—j^^ 

so that the function / defined by 

Xi f (6, J, X\, . . . , Xfi—kf — 01 (^5 ^1 5 • • • ? ^n—k^ 
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is an even smooth function of each of its entries Xj’s, from the sphere to 

the circle S^. According to a classical result of Whitney, we deduce the existence 
of a smooth function defined on the simplex 

n—k 

J2Xj = l, Xi >0, 

taking its values in S^, and such that 

y*(^, t7, Xi , . . . , X\g{0 ^ t/, , . . . , x^_^ 

= Xi exp(i/i(6>, xl_i,)). 

Now, for any (complex) {zi,..., Zn-k) in the sphere, we have 

J, 2:1, ... , Zn-k) = Zl exp{ih{6, J, 2:1, ... , Zn-k)) 
a formula which allows us to extend (and analogously, the other V^/s). □ 

Proof of the (equivariant diffeomorphism assertion of the) theorem 

The proof of Delzant’s uniqueness theorem now proceeds as follows. We cover 
the polyhedron P by open subsets 

P = \^Ui^F where the F are the faces, 

i,F 

such that 

- Ui^F n Uj^F' = 0 for F ^ F', 

o 

~ n F is relatively closed in the relative interior F and we have, over 
Ui^F, coordinates as in Proposition IV.4.21. 

- Ui^F n (Uj>iC/j,F) contains the image of the x {Ui^F H F) x (e) 

contained in the neighborhood of /x“^(f7z,F H F used in Lemma IV.4.22. 

The mentioned proposition gives an equivariant diffeomorphism 

compatible with the momentum mappings, while the mentioned lemma allows us 
to glue these diffeomorphisms by stages. □ 

IV.4.L The Kahler case. Assume now that we have a (compact) torus acting 
in a Hamiltonian way on a compact Kahler manifold W. In addition to being 
symplectic, our manifold is now endowed with a Riemannian metric and a complex 
structure, all this being compatible, as we have said in § II.2.b. We require the torus 
action to preserve also the Riemannian metric, namely we ask that the torus act 
by isometries. Because of all the compatibility assumptions, this implies that the 
complex structure also is preserved. 
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Hence our torus acts by automorphisms of the complex manifold. This implies 
that the action extends to a complex torus action, either because we know that 
the group of automorphisms of a complex manifold is a complex Lie group, or, 
more concretely, as follows. We consider as the compact torus in the complex 
torus 



(C^)^ = \ (ti, • . . ,tn) e and G R} ^ x T^. 

Let X_^ be the fundamental vector field associated with the action of the j-th 
circle {(1, . . . , 1, tj, 1, . . . , 1} in T’^, consider the fiow of the vector field 
and define 



- X = o ■ ■ ■ o . . . ,tn) ■ x) 

(this is well-defined because we have assumed the manifold to be compact). The Lie 




Figure 8 

algebra of is a copy P of R’^. That of is C^, decomposed as R’^ x P, so 

that the fundamental vector field associated with (Y,X) G R’^ x R’^ is X + JF. In 
this situation, Atiyah proves, in [7], a refinement of his convexity theorem IV. 4. 3. 

Theorem IK4.23. Let W be a compact connected Kdhler manifold endowed with 
the Hamiltonian action of a compact torus with momentum mapping 

p : W . R^. 

Let V CW be an orbit of the complexified action of the complex torus (C^)^ and 
let V be its closure. Let Zi , . . . , be the components of the set of fixed points of 
in W which intersect V. Then piV) is the convex hull of the points Ci = p{Zi) 
in R’^. 

Proof We can (and thus will) assume that the components of p are independent 
functions on V (otherwise, we consider an independent subset). We are thus as- 
suming that dim V = 2n = 2 dim and that (or a quotient of by a finite 
group) acts freely on V, or that the restriction of /i to V is submersive. 
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We consider, as in the proof of Theorem IV. 4 . 3 , the components fi of /i and 
the Morse-Bott function 

n 

Notice that the gradient of / (with respect to the Riemannian metric which is part 
of the Kahler structure) is 

grad / = JXf 

and its gradient flow is the action of the corresponding one-parameter subgroup 
in (C*)^. 

Let now x be any point of the orbit V . We look at the limit points of p^(x) 
for t — > 00. Notice that, at a limit point, the vector held must vanish, so that the 
limit points are critical points. 

Lemma IK4.24. The limit limt^oo(v^*(^)) exists and is the supremum of f onV. 

Proof of the lemma. We look at the function 

R > R 

1 1 > 

clearly an increasing function. As this is also a bounded function, it has a limit 
for t +00, which is equal to /(xqo), for Xoo a limit point. Now / is constant on 
the component, say Z, of its critical points to which Xoo belongs. Moreover, Z is 
an invariant submanifold for the (C^^) ’^-action. Hence, 

for any 2: G (C*)", lim • a;)) = f{z • x^o) = /(a^oo), 

t— ^ + 00 

SO that, V being an orbit, /(xqo) does not depend on anything and we have 

f{xoo) = snp f{x). □ 

Back to the proof of the theorem, we choose the A/s so that the function / is 
generic and the torus it generates is the whole T^. Then the critical submanifold 
Z above is one of the Zj’s. We thus have 

sup/(x)= sup f{Zj) 

x^V j=l,...,k 

and we have proved that ii{V) is contained in the convex hull P of ci, . . . , c^. 

Let us prove the reverse inclusion. Let x be a point of V. We want to And 
a neighborhood of /x(x) in P which is contained in the image Let S be 

the distance of /i(x) to the boundary of P. Recall that we are assuming fi to be 
submersive on V, so that /i(x) must be an interior point of P and 5 a positive 
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Figure 9 

number. By adding the constant vector — /i(x) to //, we can assume that /x(x) is 
the origin of R’^. Consider the function 

a : > R 

A = (Ai,...,An) I >sup(y]Ai^i) 

eeP ^ ^ 

(the support function of P). Our positive number 5 is now 

S = inf ^j(A). 

Consider now the function f\ = so that 

sup/a(x)= sup f{Zj) 

xEV j=l,...,k 

n 

= sup Y AjCj j (obvious notation) 

= 

We look now at the trajectory of the gradient flow of /a through our point x. 
For t = 0, we are at x and /a(x) = 0. Then the function increases along the 
trajectory until it reaches cr(A). Hence, our positive number 6 is the image of a 
unique point (x) of the trajectory. This gives us a number t\ and A i-^ ^ A is 
a continuous function of A. Look now at the vectors Y in R’^ that have the form 
Y = rX with A G S'^~^ and r ^ t\/2. This is a neighborhood U oiO and the image 
of the composed mapping 

U > ^ R” 

Y I > exp(F) • X I /i(exp(y) • x) 

is a neighborhood U' of 0 in /i(V'). 
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For any point ^ G dU', there is a A (with ||A|| = 1) such that = S/2 

and in particular ||^|| ^ 5/2, so that the ball centered at 0 with radius 5/2 is 
contained in U'. We have thus proved that the interior of P is contained in the 
image Eventually, Theorem IV.4.23 is proved. □ 

IV.4.g. Application: a theorem of Kushnirenko on monomial equations. 

We prove the theorem of Kushnirenko, stated in the introduction of this book, as 
a consequence of Theorem IV.4.23. This proof, written in [8], is due to Arnold and 
Khovanski. 

Consider a finite set S' C of multi-exponents and the system of n equations 
and n unknowns: 

aes 

where 1 < j ^ n, the parameters are complex and the unknown 2 : sits in the 
complex torus 

Theorem IV.4,25. The number of solutions of 

XI ^ 

a^S 

for a general enough choice of the coefficients ci^ is 

N{S) = n\Yo\{S) 

where S denotes the convex hull of S in R^. 

Proof Let m be the cardinality of S and oq, . . . , oim-i be its elements. We consider 
the action of the complex torus on by 

2: • (Uo, . . . , Um-l) = . . . , 

The orbit of the point (1, . . . , 1) is a faithful orbit (the orbit map is injective) if 
and only if the elements of S generate the lattice 7P. 

In order to use Theorem IV.4.23, we need a torus action on a compact Kahler 
manifold, so that we will rather look at the same torus acting, by the same formula, 
on P"^”^(C) and at the orbit Vs of the point In order that Vs be a 

faithful orbit, we need that the set 

{a - P \ a, (3 e S] 

generate the lattice TP. We will assume, to begin with, that this is true. Our 
number of solutions is then exactly the number of intersection points of Vs (an 
open complex variety of complex dimension n) with the codimension-n projective 
subspace P{E) defined by the linear equations 

aes 
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We assume the coefficients to be generic, so that the intersection is transversal. 
Now the closure of Vs is an algebraic subvariety of (C) (I will not discuss here 
the question of whether this is (or is not) a smooth submanifold of the projective 
space, see § VII.2.c), we have 



dime (1^5 - Vs) < n. 



so that the “boundary” does not intersect the generic projective space P{E). 

Let LU be the standard^^^ Kahler form on P’^”^(C), so that the cohomology 
class dual to P{E) is [cu]'^ and that our number of intersection points is 

N{S)= [ cj^-n!Vol(y5) 

Jvs 



(recall from Remark II.1.8 that u'^/nl is the Riemannian volume element). What 
the refined theorem IV.4.23 tells us is that the restriction of the momentum map- 
ping 

1^5 >P 



is a fibration with fiber T^, so that 

Yol{Vs) = Vol(T^) Vol (P) = Vol(5) 

since has volume 1 (see Remark III. 3. 9). Eventually, we have got the expected 
relation. . . under the assumption that the a — f3 generate Z’^. If this is not true, 
this may be because 

— they generate a lattice of rank < n, in this case both sides of the equality 
we want to prove vanish: 

• the convex hull S is contained in a hyperplane, thus has volume zero, 
while 

• the orbit is too small and does not intersect the codimension-n sub- 
space when the c^’s are general enough, hence N{S) = 0; 

- or because they generate a lattice A of rank n, so that F = Z’^/A is a 
finite group. We can work with the torus R^/A instead of our original 

and multiply both sides of the equation by the order of F. □ 



Remark IV.4.26. The closure V s is the toric variety associated with the polyhedron 
S (see Chapter VII). 



one that gives volume 1 to a complex line P^(C) C ^(C) 
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IV.5. Appendix: compact symplectic SU(2)-manifolds of dimension 4 

In this appendix, we give a classification of the compact symplectic manifolds of 
dimension 4 endowed with a symplectic action of SU(2). The classification is, in 
essence, due to Iglesias [70], who actually considered the group SO(3), but the case 
of SU(2) is a little easier and a little less technical, that is why we have chosen 
it (the SO(3)-case will be presented in Exercise IV. 18). As we have done in the 
case of Delzant’s theorem (here Theorem IV.4.20), we shall not worry about the 
symplectic forms, but we shall concentrate instead on the manifolds with action. 
Recall that SU(2) is the group of matrices 

from which description it is easy to recognize that the manifold SU(2) is diffeo- 
morphic to S^. 

IV.5.a. A list of examples. We start from the standard linear action of SU(2) 
on and from the induced action on P^(C). 

The complex projective space. We can of course compactify into the projective 
plane P^(C) by adding to it a projective line P^C) at infinity. The SU(2)-action 
extends. It can also be described as the action of the subgroup 

SU(2) c U(2) c U(3) C GL(3; C) 

on P^(C). This is of course a symplectic action and thus a Hamiltonian action^^^ 
(SU(2) is semi-simple) and it is effective. Notice that the origin of C^, alias the 
point [0,0, 1] G P^(C), is a fixed point. 

S\J (2) -actions on bundles over P^(C). Still starting from the linear action on C^, 
we can also cross by a copy of C on which SU(2) acts trivially and twist 
everything by an S^-action. We look at the quotient Xgi C, where 

u • ((a, b)z) = {{ua^ ub), u~^z) for some m G Z. 

The space itself is a complex line bundle over P^(C), via the projection mapping 

[(a,6),z] I > [a, 6]. 

The SU(2)-action descends to the quotient so that we have a space E-m with an 
SU(2)-action. This action is effective if and only if m is odd. If 

{g • (a, 6), z) = ((ua, ub)^u~^z) for some u G S^, 



(8)fphe momentum mapping can be deduced from Exercise III. 8. 
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then (a, b) must be an eigenvector of If ^ = ± Id, all the vectors are eigenvectors 
and 

(— Id *(a, 6), z) = ((—a, —6)), z) if and only if m is even. 

Note that if this is the case, we get an effective action of SU(2)/ {±Id} = SO(3). 
Obviously, the points of the zero section {z = 0) have stabilizer (and the zero 
section is an orbit) while the other points have stabilizer Z/m (which is thus 
the principal stabilizer). The manifold E-rn can also be considered as a complex 
submanifold of a product P^{C) x {N = 2'^). The mapping 

X C > P\C) X (C2)^^ 

{v, z) I ^ <^v)) 

defines an embedding 

Xgi C = E^rn ^ > P^C) X (0^)^^^ 

and our action of SU(2) is just the restriction of the diagonal action 
SU(2) X (pi(C) X (C2)^^) . pi(C) X 

The symplectic form on being SU(2)-invariant, the usual product Kahler form 
will be invariant as well. 

To make E-rn a compact manifold, we glue to it a copy of Em by the map 

[(a, 6), z] I > [(a, b), z~^j for z ^ 0. 

The resulting compact SU(2)-manifold Wm is the quotient 

Wm = S^Xsi P'(C) 

under the -action 



{{a,b)[x,y]) = ((ua,u6), [x,u^i/]). 

This is a bundle over P^(C), the fibers themselves projective lines^^\ The bundle 
has two sections, “at zero” and “at infinity”, both are orbits with stabilizer S^. 
All the other orbits have stabilizer Z/m. 

The embedding of E-m into P^(C) x (C^)*^’^ extends to an embedding 

Wm ^ ^ PHC) X P((C2)^"^ 0 C) 

{v,[x,y]) I > (H,[x(^;(8)---(8)i;),?/]). 



(^^This is the bundle P(0(m) 0 1), a complex manifold called a Hirzebruch surface, see Exer- 
cises IV. 4 and IV. 17. 
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As above, the standard Kahler form is SU(2)-invariant and thus defines an invari- 
ant symplectic form on The SU(2)-action cannot refrain from being Hamilto- 
nian. We will not need it explicitly, but it is easy to write the momentum mapping 
for this action (this is Exercise IV. 16). 

Which gives us a list of compact symplectic manifolds of dimension 4 endowed 
with an effective Hamiltonian action: P^(C) and the Hirzebruch surfaces Wm (for 
odd m). Notice that (this is proved in Exercise IV. 17) all the Wm^s for m odd are 
diffeomorphic with P^(C), the projective plane blown up at a point. However the 
SU(2)-actions are different (have different principal stabilizers, for instance). 

IV.5.b. Classification. We assume now that W is a compact symplectic mani- 
fold of dimension 4 endowed with an effective symplectic action of SU(2). We will 
assume that the momentum mapping 

/i : W ^ 5u(2)* 

is submersive at at least one point in W. We investigate the orbit types in W. 

Principal orbits. From Proposition HI. 2. 10, we know that the principal stabilizer 
is both discrete and a closed subgroup of the maximal torus 




Hence this is a cyclic group Z/m. We deduce that principal orbits have dimension 3. 

Exceptional orbits. The exceptional orbits have dimension 3 as well. Let x he a, 
point in such an orbit. We know that 

KerT,/i-(T,(SU(2)-x))°, 

so that dimKerTx/i = 1 and p is submersive at x. Moreover, the image of an orbit 
of dimension 3 has dimension 2 and is contained in a coadjoint orbit in 5u(2)^. 
This is thus a sphere C 5u(2)*; hence the stabilizer of the orbit is a subgroup 
of the stabilizer of this point in the sphere. This is thus also a cyclic group, Z/g, 
say. According to the slice theorem, a neighborhood of an orbit with stabilizer 
Z/g has the form SU(2) R. The cyclic group Z/^ acts on R, either trivially 
or (only if q is even)by ±Id. Notice that, in the case of a nontrivial action, the 
manifold would not be orientable, so that the Z/g- action on R must be trivial. All 
the orbits in such a neighborhood have stabilizer Z/g, therefore q = m and there 
are no exceptional orbits. 

Singular orbits. On the contrary, there are singular orbits. Consider a circle sub- 
group C SU(2). The corresponding Hamiltonian H must have critical points 
on the compact manifold W. Let x be such a point. This is a fixed point of the 
S^-action and thus its stabilizer (for the SU(2)-action) contains our S^, so that 
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the orbit of x is singular. The stabilizer of a point a: is a subgroup of the stabilizer 
of jj.{x) for the coadjoint action, and this is a circle unless fi{x) = 0. Moreover, if 
this is the case, the orbit of x is isotropic, because 

T,(SU(2) . x) C KerT,/z = {T,(SU(2) • x)}° . 

Either the stabilizer of x is the whole group SU(2), x is a fixed point, or it is 
a closed subgroup of dimension 1, so that the orbit of x has dimension 2 and is 
Lagrangian. 

The stabilizer of a singular orbit which is not a fixed point is a closed 
dimension-1 subgroup H of SU(2), that is, a subgroup covering SO(2) or 0(2) 
by the restriction of the covering map 

: SU(2) > SO(3). 

The singular orbit has a neighborhood (once again the slice theorem) of the form 
SU(2) Xh R^, where H acts on 

- as 0(2) is = 0(2), 

- as S^, either by u - z = uz or by u • z = u^z. 

Except in the case of the standard S^-action, this gives an open subset of W 
on which the SU(2)-action is not effective, in contradiction with the assumptions 
made (see, if necessary. Exercise 1.7). 

The dimension-2 singular orbits are thus spheres. Moreover, such a sphere 
cannot be Lagrangian. Otherwise, it would have a neighborhood both of the form 
SU(2) xgi R^ with acting on R^ by rotations (the slice theorem, plus effec- 
tiveness) and of the form (the Darboux theorem, see §II.l.c). But these two 
bundles over are not diffeomorphic (as manifolds), the former has Euler class 
dll while the Euler class of the latter is di2. 

Notice eventually that a singular orbit which is not mapped to 0 by is a 
sphere and is mapped to a symplectic sphere C 5u(2)'*' by the immersive Poisson 
mapping // (T^/x is injective when restricted to the orbit) and hence is a symplectic 
submanifold of W. 

We summarize these remarks in a proposition. 

Proposition IK5.L A singular orbit of an effective symplectic SV {2) -action on a 
4i- dimensional compact manifold with somewhere submersive momentum mapping 
p is 

- either an isolated fixed point, mapped to 0 by fi, 

- or a symplectic sphere mapped on a nontrivial sphere in 5u(2)'*'. □ 

Remark IV. 5.2, Notice that we have proved that there is no Lagrangian orbit. In 
the case of the group SO (3), such orbits can appear. For example if we make it 
act as a subgroup (the real part) of SU(3) C U(3) on P^(C), the real part P^(R) 
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is a Lagrangian orbit [ 70 ]. This is the small difference which makes the investi- 
gation of SU(2)-actions a little easier than that of SO(3)-actions. See, however, 
Exercise IV. 18. 

To deduce a classification theorem, we look at the “square of the momentum 
mapping” function. 

Lemma IK5,3. The function f = ^ \\fi\f : VF [0, +oo[ is a quotient map for the 
S\J{2)-action on W. 

Proof We know, thanks to the slice theorem and to the study of orbits and their 
stabilizers above that the quotient will be a manifold with boundary, of dimen- 
sion 1, the ends corresponding to the singular orbits. If we assume W to be con- 
nected, this must be a compact interval and there are exactly two singular orbits. 
The function / descends to the quotient as 

g:W/SV{2) >[0,+oo[, 

a smooth function from one interval to another. Computing its tangent mapping 

TJ{Y) = (x{x) • JMY), 

we see that, if x is a fixed point with /i(x) ^ 0, then 

Y e KerT,/ J,g{Y) G g{x)^ = T^(,)S2 

where is the coadjoint orbit of /i(x). Hence T^f vanishes exactly when x is on 
a singular orbit, and g is strictly monotone, which shows that / may be identified 
with the quotient mapping. □ 

Remark IK 5.4. The map 

su(2)^ > [0,+oo[ 

A : . i ||Af 

is a quotient map itself (see Exercise 1.16). 

Let [a, b] = f{W) and let c G ]a, b[. Then the maximum f~^{b) is a symplectic 
sphere, /~^([c, 6]) is a tubular neighborhood of this sphere, given by the slice 
theorem and so this is an E{±m) used in our list above (|m|, odd, is the order of 
the principal stabilizer). There are only two possibilities: 

- Either a > 0, then /“^([a,c]) is an E{n) as well, necessarily |m| = |n| and 
actually n = —m in order to be able to glue, so that VF is a Hirzebruch 
surface Wm- 

- Or a = 0, then f~^{a) is an isolated fixed point near which the SU(2)- 
action is the standard linear action on C^. In particular, |m| = 1 and W is 
obtained by gluing a disc to E±i) so that IF is a copy of P^(C). 
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Figure 10 



Theorem /K5.5. A compact connected symplectic A-manifold endowed with an ef- 
fective symplectic SIJ {2) -action with a somewhere submersive momentum mapping 
is equivariantly diffeomorphic with 

— either P^(C) (with the linear ^\] (2) -action) if there is a fixed point, 

- or to the Hirzebruch surface Wm (diffeomorphic with P^(C)^ for some odd 

positive integer m, the order of the principal stabilizer Z/m if there is no 
fixed point □ 

This can be schematized as in Figure 10, a figure which should seem even 
more accurate after having solved Exercise IV.6. 

Remark IV. 5.6. The function / = | when 

p : W > 9" 

is the momentum mapping of the action of a compact Lie group G on the sym- 
plectic manifold W, is not, in general, a Morse-Bott function (although, it is one 
in the examples considered here). It nevertheless has minimal degeneracies (in a 
precise sense), investigated by Frances Kirwan [85] who used it as the main tool 
in, for instance, her proof of the noncommutative convexity theorem [86]. 



Exercises 



Exercise IV.l. The function defined on P^(C) by the formula 



f([x,y,z]) 



1 m\xf -\-n\y\^ 



belongs to the class studied in Example IV.l. 2. Prove that, if m and n G Z, / is 
a periodic Hamiltonian. 
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Exercise IV. 2. Determine the momentum mapping and its image for the T^-action 
on pi(C) xPi(C) by 

(u,v) ■ ([a,6],[a;,j/]) = {[a,ub],[x,vy]). 

Exercise IV.3. Determine the momentum mapping and its image^^^^ for the Tr- 
action on pr(C) by 

(u,v) ■ [x,y,z] = [x,uy,v'^z]. 

Describe the fixed points and their stabilizers. 



Exercise IV.4 (Hirzebruch surfaces). Let A: e N be an integer. Consider the subset 
ofpi(C) xp2(C) 



Wk ^ {{[a,h],[x,y,z]) G P^(C) x pr(C) | a^y = b^x} . 

Prove that Wk is a complex submanifold of P^ (C) x P^ (C) and that the restriction 
of the projection P^C) x pr(C) ^ P^{C) to Wk is a bundle over P^(C) with 
fiber pi(C). 

Endow P^(C), pr(C) and hence P^(C) xpr(C) with the standard symplectic 
forms, so that Wk is a symplectic submanifold. 

Let the torus act on P^(C) x pr(C) by 

{u,v) • ([a,6],[x,y,z]) = {[ua,b],[u^x,y,vz]). 



Prove that this is a Hamiltonian action with momentum mapping 



y.{[a,b],[x,y,z]) 



+ k- 



1 



y2 y\af + |6|^ \x\^ + \yf + \zf J ’ 2 \x\^ + \yf + \zf j 

Check that the action restricts to a T^-action on Wk and determine the image of 
the momentum mapping 

/i : fPfc > Rr. 

Hint: determine the fixed points of the action. The result is shown in Figure 11. 




Figure 11 



( 10) See Pig ure 7. 




138 



CHAPTER IV. MORSE THEORY FOR HAMILTONIANS 



Exercise IV.5 (Blowing up the projective space). The complex projective space 
P’^(C) is the space of all lines through 0 in Consider 

p^(C) = {{d,i) I d is a line in C C 0 d C C 0 , 

a subset of P^“^(C) x P’^(C). Using homogeneous coordinates 
{[x,,. . .,Xn], [yo, . . -,yn]) e P"-'C X P”(C), 

check that P’^(C) is the complex algebraic submanifold defined by the n - 1 
equations xiyi — xiyi = 0 and thus that this is a symplectic submanifold (as usual, 
the two projective spaces are endowed with their standard symplectic forms). 
Consider the projection 

7t:P^(C) ^P^(C) 

(d,^) I >L 

Describe all its fibers. It is said that P’^(C) is P’^(C) blown at the point 

[1,0, ...,0]. Notice that the Hirzebruch surface Wi of exercise IV.4 is the case 
n = 2, namely the projective plane blown up at a point. 




Figure 12 

The torus acts on P’^(C) by 

{ui,...,Un-i,v) ■ 

~ ([uiXi, . . . , Uji^iXji—l^ [^yO) ^lyi) • • • 5 '^n—iyn—l') yn])* 

Prove that this is an effective Hamiltonian action with momentum mapping 



^([a:i,...,x„],[j/o,---,yn]) = ^ 



+ 



lytl 



|yo 



Ely* 






./Ely* 



Determine the image of this momentum mapping (Figure 12). 



also Figure 2 in Chapter VI. 
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Exercise IK6 (Blowing up a fixed point of an SU(2)-action). Let SU(2) act on 
in the standard (linear) way. Prove that there exists an SU(2)-action on the blow 
up such that 

- the map ^ is equivariant, 

- the group SU(2) has no fixed point in C^. 

Let VP be a 4-dimensional symplectic SU(2)-manifold. Prove that there exists a 
symplectic manifold W with an equivariant mapping W W such that SU(2) has 
no fixed point in W. Compare the momentum mappings for the two manifolds. 

Exercise IV.7 (Symplectic cuts and images of momentum mappings). We use the 

notation and results of Exercise III. 19. Assume the manifold W we are cutting 
is endowed with the Hamiltonian action of a Lie group G which commutes with 
the -action used to cut. Prove that the symplectic cuts are still endowed with a 
Hamiltonian G-action. 

Assume now that G is a torus T. Let 

/i : w > e 

be the momentum mapping. Let A G t be an element generating a circle Sx CT. 
We use the Sx -action to cut our manifold, at the level, of the periodic Hamil- 
tonian H = (/i. A). Call Wx,t the symplectic cut. Prove that the image of the 
momentum mapping for the T-action on Wx,t is the cut polyhedron 

n {e e t* I (^X) > n • 

Symplectic versus complex blowing up. Assume now that the action is effective 
and completely integrable. Let p be a vertex of the polyhedron P = ix{W). Choose 
t close enough to (//(p). A) so that the polyhedron 

Pn{Uim^.x)^t} 

is an n-simplex^^^^ with a vertex at p. What is the corresponding symplectic cut? 

The polyhedron obtained in Exercise IV. 5 and shown in Figure 12 can be 
obtained by cutting the standard simplex by a hyperplane. Check that P’^(C) is, 
indeed a symplectic cut of P’^(C). . . these were just two different points of view 
on the projective space blown up at a point. 

Construct a 4-dimensional symplectic manifold endowed with an effective 
completely integrable torus action the image of the momentum mapping of which 
is the hexagon shown in Figure 13. 

Recall from the proof of Theorem IV.4.25 that the symplectic volume of a 
manifold endowed with an effective completely integrable action is the volume of 



Recall that P is primitive (Proposition IV. 4. 17). 
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the image polyhedron. What can be said of the volume of a symplectic blow 
and more generally of a symplectic cut? 

Exercise IV.8. The torus 





f 


( COS 6 — sin 6 ^ ^ 




= < 




sin 6 cos 6 


1 e R ^ 




< 


^ cos ip — simp 

V simp cos(p / 


> 



is a maximal torus in SO (4). Prove that the inclusion C SO (4) induces the 
projection map 

/I : so(4)* > (t^)" = 

' (o^l,2,Ct3,4). 

This torus acts on the (co-) adjoint orbits by conjugation. Let 0 be an orbit 
with invariants 

ll^ll' = /i and Fi{A) = /s 
(see, if necessary, Exercise 1.20) or 

||A+f = A? = A + 2/2 and m_||' = = A - 2 A- 

Determine the image of the momentum mapping for the T^-action. 

Exercise IK9. More generally (this is in reference to Exercise IV. 8 above), consider 
the quadric 

n+l 

Qn :Y,z^=0in P”+i(C). 



contradiction with this unavoidable terminology 
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Recall (from Exercises 1.21 and III.15) that this is the Grassmannian 
and that this is also the coadjoint orbit of the matrix 



G so(ji -f- 2)^ 



-^{xoyi - Xiyo, X2k-2y2k-l ~ y2k-2X2k-l) 



72 4~ 2 

Let k = — ^ — , so that C (as the 2k first factors if n is odd) and 

similarly 

80(2)2^^ ^S0(rH-2), 

endowing our 2n-dimensional symplectic manifold with a Hamiltonian T^-action. 
Prove that the momentum mapping of this action is given by 

[^0, • • • , Zn-\-l] I ^ j^(xoyi - Xiyo, . . . , X2k-2y2k-l ~ 2/2fc-2^2fc-l) 

(in which expression, Zj — Xj + iyj) in the first description and by 
^ — i^ij) ' ^ (« 1 , 2 , ^^ 3 , 4 , • • • , CL 2 k~l, 2 k) 

in the second. 

Determine the fixed points of the action and prove that the image of the 
momentum mapping is the “octahedron”, convex hull of the 2k points zbe^ G R^. 
Let 0 < Ai < • • • < Afc be fc real numbers. Prove that the function 
2 

/ = Z— ^2 — Xiyo) H h Xk{x2k-2y2k-l — y2k-2X2k-l)) 

Ekil 

is a perfect Morse function and that it has 

- if 72 is odd, exactly one critical point of index 2i for any i between 0 and 72, 
while, 

- if 72 is even, there are two points with the same index, which is half the 
dimension. 

Exercise IV. 10. Fix three real numbers Ai < A2 < A3. Let A = (Ai, A2, A3), so that 
H\ is the manifold of complete flags in C^. Check that the action of the torus 

( /h 0 0\ ^ 

— < I 0 ^2 0 I I |^i| ~ f and tit2t^ ~ ^ f 

[ \0 0 tj J 

by conjugation on Hx is effective and that the image of the momentum mapping is 
indeed the hexagon shown in Figure 5. Look now at the (more precise) Figure 14, 
in which you should find the inspiration to answer the following questions. 

— Determine the regular values of the momentum mapping. 
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- What are the pre-images of all the segments (either on the boundary of the 
hexagon or not) drawn in Figure 14? 




Figure 15. Permutahedron 

Exercise IV.ll (Permutahedra). The permutahedron Pn is the convex hull of the 
points^^^^ of coordinates , cr{n))^ a G 6 n- Prove that this is a polyhedron 

of dimension n — 1 with n! vertices. Draw P 2 (this is a segment) and P 3 (this is a 
hexagon, actually one of the hexagons shown in Figure 16). Check that Figure 15, 
in which 



(i4)pQr more information on permutahedra, see for instance [52, 99]. 
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- the label at a vertex is the coordinates of this vertex in R^ 

- the label on an edge is the length of this segment (the unit being v^), 

- the hexagonal faces are of the type shown in Figure 16 

shows the actual permutahedron P 4 while the hexagon on the left in Figure 16 de- 
picts P3. Check that the three pictures here represent the diagonals of the matrices 





Figure 16 . Faces of the permutahedron 



in Wi,2,3,4, Wi,2,3? Wi,2,4- 

Exercise IK 12. Let fi\W be the momentum mapping for the effective com- 

pletely integrable action of a torus on a compact connected symplectic manifold. 
Prove that can be considered as the quotient map 

IF > W/T ^P = fi{W) 

of the torus action. 

Exercise IV. 13. Determine all the primitive triangles and quadrilaterals in R^. As- 
sume VF is a 4-dimensional symplectic manifold endowed with an effective Hamil- 
tonian T^-action with not more than four fixed points. Prove that W is (equivari- 
antly) diffeomorphic with a complex projective plane or to a Hirzebruch surface 
(Exercise IV.4). 

Exercise IV. 14. Figure 17 shows a tetrahedron the vertices of which are some of the 
vertices of a unit cube. Prove that this tetrahedron is not a primitive polyhedron. 



Exercise IV. 15. Let D be the manifold of complete flags 

0 c ^ c P c 

in C^. Check that D can be identified with the submanifold 



® = {(H, M) e P(C^) X P(C 3 )v I = 0} 
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and thus with the submanifold 

D = {([a, 6,c], [x,y, z]) G P^(C) x P^(C) \ ax by + cz = 0 } . 

This allows us to endow D with the induced Kahler structure. The torus 

^ I = 1} 

acts on D by 

{h,t2,h) ■ {[a,b,c],[x,y,z]) = {[tia,t2b,t3c],[ti^x,t2^y,t3h]). 

Check that this is a Hamiltonian action with momentum mapping 

fi{[a,b,c],[x,y,z\) 

_ 1 f l«l^ N! \yf 

2 \\a\^ + \b\^ + \cf \xf + \y\^ + \zf^\af + \bf + \cf \xf + \yf + \zf' 

|c|^ kP \ 

\af + \bf + \cf \xf + \yf + \zf) 

and determine the image of //. Explain why you find the same image as in Figure 14. 
Prove that the (complexified) action of the complex torus 

(C*)2 = {(21,22,2:3) e I 212223 = 1} 

is by 

(2:1,22,23) • {[a,b,c],[x,y,z]) = ([21a, 226, 23c], [2f^x, 2^^?/, 23~^2]). 

What is the image of the closure of the orbit of the point ([1, 1, 0], [1, -1, 1])? 
Investigate the relation with the Hirzebruch surface Wi of Exercise IV.4 and the 
images given by Figures 11 and 12. 

Exercise IK 16 . Using Exercise III.8, write an explicit formula for the momentum 
mapping for the action of SU(2) on Wm depicted in §IV.5.a. 
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Exercise IV.l 7 (Hirzebruch surfaces — continuation). Using the notation of § IV.S.a, 
prove that the mapping 

E-m ^ P\C) X P2(C) 

[{a,b),z] I > {[a,b],[z~"^a,z-'^b, 1]) 

extends to Wm and identifies it with the Hirzebruch surface 



Wm = {([a, ft], [x,y,z]) I a”^y - b^x = 0} . 

Prove that Wk (Exercise IV.4) may be identified with P(0(A:) © 1). Deduce that 
P(0(1) © 1 ) is P^(C) blown up at one point. In the local chart ft 7 ^ 0 in P^(C), 
put u = a/ft (g C) and 

m = 



1 



Prove that 



^:CxPi(C) >Wk 

{u, [n,u;]) I > {[u,l],[f{\u\)u'^v, f{\u\)v,w]) 

defines a local trivialization of the bundle Wk P^^)- Similarly, write a trivial- 
ization ip in “the other” local chart (a 7 ^ 0 ), in such a way that 

ip~'^ 0(f{u,[v,w]) = (u, ~^V,W y 

V LH J/ 

Thus Wk is obtained by gluing two copies of x P^(C) by 
g:S^ xPi(C) .Si x pi(C) 



{z,[v,w\) 



Show that 



{z,[z'^v,w]). 



[z'^v,w]) 



defines a loop in SO (3), homotopic to the constant loop when k is odd. Applying 
the result to m-n, show that Wm is diffeomorphic toWni{m = n mod 2 . Deduce 
that the manifold P{0{k) 0 1 ) is diffeomorphic to x when k is even and to 
P^(C) blown up at one point when k is odd. 



Exercise IV. 18, Consider the Hamiltonian SO(3)-action on P^(C) described in 
Exercise HI. 14 (with n = 3). Prove that P^(R) is a Lagrangian submanifold (an 
illustration of Exercise 11.31) and an orbit of the SO(3)-action. Describe the critical 
points of the function 

f = \ ■■ P"(C) ^ R. 

Imitating the proof of Theorem IV.5.5, prove that a compact connected symplectic 
manifold of dimension 4 endowed with an effective Hamiltonian action of SO (3) 
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(the momentum mapping of which is somewhere submersive) is diffeomorphic ei- 
ther with P^(C) or with P^(C) x P^(C), and is equivariantly diffeomorphic with 
P^(C) or with one of the Hirzebruch surfaces Wm for m even. See [70]. 

Exercise IK 19. Let y be a compact symplectic manifold endowed with a periodic 
Hamiltonian H. Consider the Hamiltonian S^-action on x V, 

u • (z,x) = {uz^u^ • x), 
the Hamiltonian of which is the function 

H{z, x) = ^ \z\^ + mH{x). 

Check that the SU(2)-action on x F defined by the linear action on C^: 

A • {z,x) = {A • z,x) 

preserves the levels of H and that it defines a Hamiltonian SU(2)-action on the 
reduced manifolds Wa = H~^{a)/S^ of the regular levels of H. What is the 
momentum mapping of this action? Assume that a > H{x). Prove 

that the critical values of ||/i||^ are those of H. 

Check that, in dimension 4, all the SU(2)-manifolds depicted in Theo- 
rem IV. 5. 5 can be obtained in this way. 

Prove that, if n ^ 3 and fc ^ 2, there exists a compact symplectic manifold 
of dimension 2n endowed with a Hamiltonian SU(2)-action such that \\/ji\f has k 
critical values. 
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MODULI SPACES OF FLAT CONNECTIONS 



In this chapter, we consider the moduli space of flat connections on a (trivial) 
bundle over a surface (deflned in § V.l). There is a Hamiltonian group action that 
allows us to endow this space with a Poisson structure, as we show in § V.2 (this 
is due to Atiyah and Bott [10] in the case of a closed surface and to Fock and 
Roslyi [50] in the general case of a surface with boundary). We then look at a 
special case in § V.3, in which there is an integrable system (due to Goldman [56]) 
on the moduli space. Following Jeffrey and Weitsman [77], we exhibit a torus 
action and its momentum mapping, that is, action-angle variables for this system. 



V.l. The moduli space of flat connections 

The moduli space that I want to consider is that of flat connections on the trivial 
principal G-bundle on a surface S, namely on the bundle 

P = GxE 

endowed with the natural action of G on itself by left translations. The surface E 
is supposed to be compact and oriented, but may (and will often) have a bound- 
ary 9E. The genus of E will be denoted by g and the number of boundary com- 
ponents by d. 

The group G is a Lie group. I will use (and thus assume the existence of) a 
nondegenerate symmetric bilinear form !B on the Lie algebra g which is invariant 
under the adjoint G-action. Such a form certainly exists when G is a compact Lie 
group. The example I have in mind is mainly that of SU(n), so that I will usually 
assume in addition that G is simply connected — although I will also use S^. 

I will consider only the trivial bundle P = G x E. Notice that this is not 
a very big restriction: when the group G is simply connected, all the principal 
G-bundles on E are trivializable. They are classifled^^^ by the homotopy classes 



§VL1 for the definition and construction of the classifying space BG. 
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of maps E ^ BG. If 7 Ti(G) is trivial, then because 1 T 2 of a group is always trivial 
(this is a theorem of Cartan [ 33 ]), G is 2-connected and BG is 3-connected. For 
a surface S, any continuous map E ^ BG is thus homotopic to a constant map 
and any principal G-bundle is trivializable. However, in the case of S^, we know 
perfectly well that there are nontrivial principal S^-bundles over surfaces. In any 
case, to simplify notation, we will assume that a trivialization is given and fixed. 

Being trivialized, our bundle carries a canonical “trivial” connection^^^ , the 
horizontal subspace of which at (^, x) G G x E is 

{0} X T,E c T,G X T,E = T(,,,)(G x E). 

Notice that, although the space of connections has only the natural structure of 
an affine space, the space of connections on the trivial bundle can be considered 
as a vector space (see § V.4): the chosen trivialization is used as an origin. 

The curvature mapping. Following Atiyah and Bott, we will consider the cur- 
vature as a mapping F from the vector space of connections on P to that of 2- forms 
with values in 9, 

F:n\E,g) 

We shall need to compute its tangent mapping. 

Proposition V.1.1, Let A he a connection and (p G f7^(E,0). Then 
F{A -f (/?) = F{A) + dAT + [T’> 

Corollary V.1,2, For any connection A and any g-valued 1-form p, one has 

TA{T) = dAT- n 

Proof of the proposition. Using the definition of F via the vertical projection V 
(see §V.4), 

F(A + (^)(A,r) = VAA^ihA^AnVAA^y)])^ 

Obviously (see Figure 11), for any vector field X on E, 

hAA^{X) = hA{X) + if{X) 
and for any invariant vector field Z on P, 

VaaA^) = Va{Z)-p^{7t{Z)). 



basic definitions and results used here are gathered in § V.4 
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A direct computation gives, for F{A + F), 

+ [hA{x),^{Y)] + Mx),hA{Y)] + b(x),<^(y)]) 

= VA[hA{X),hA{Y)]-<p[X,Y] 

+ VA[hA{X), if{Y)\ - ^ o 7r[hA{X), ip{Y)] 

+ Va[p{XI hA{Y)] - ^ o n[^{X), hA{Y)] 

+ MX),^{Y)] 

= F{A){X,Y) + VA[hA{X),^{Y)] - VA[hA{Y),^{X)] 

-v[X,Y] + [<p{X),^{Y)] 

- F{A){X, Y) + Xj,v{Y) - X^{X) - ^[X, X] + [^(X), ^(Y)] 

= F{A){X, X) + dAifiX, Y) + [<fi, v^](X, Y). 

□ 

Flat (integrable) connections. A flat connection is a connection without cur- 
vature (that is, an A such that F{A) = 0 ). Notice that this means that the bracket 
of any two horizontal vector fields is again a horizontal vector field, so that the 
horizontal distribution is integrable in the (Probenius) sense that it is at each 
point, the tangent distribution to a submanifold through this point. This is why 
fiat connections are sometimes called integrable. 

The gauge group. The gauge group is the group Q of automorphisms of the 
bundle. Still using the trivialization, we can identify it with the (functional) group 
of all the mappings S ^ G. Similarly, its Lie algebra g is that of all mappings 
S ^ 0. The gauge group acts on A, (traditionally on the right) by 

g-A = g~^Ag + g~^dg 

where ^^g~^dg" is a symbolic notation for the 1-form on S with values in g defined 
by 

T,S 9 X I . l^g{X) e Tg(,)G — ” > g. 

To get the fundamental vector field a associated to both the element o; G g 
and the ^-action, we only need to differentiate. We find that this is the vector 
field, defined on A by 

a A = dAOi e f^^(S,g) = 1 a-A. 

The holonomy. Assume we are given a connection A on our bundle P. Let p 
be any point in P and x be its image in E. For any differentiable loop 7 based 
at X in E, the existence and uniqueness theorem for differential equations gives a 
unique lift 7 starting at p and horizontal in the sense that the tangent vector 
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is horizontal for any t. This lifted path ends at some point of the fiber of x, which 
can be written ^ - p for some element p G G, which is the holonomyoi the loop 7 . 





The subgroup of G consisting of all elements obtained this way is called the 
holonomy group of the connection A at the point p. Using the fact that our spaces 
are path-connected, it is easily seen that all the holonomy groups (when p varies 
in P) are conjugated subgroups of G. This is why it is usually spoken of as “the” 
holonomy group. 

Assume now that the connection A is flat As we have noticed above, the 
horizontal distribution is integrable, so that any differentiable map from a disc to 
the surface E can be lifted horizontally. Hence any loop 7 which is homotopic to 
a constant loop in E lifts to a loop in P and thus has trivial holonomy. 

The holonomy (or monodromy) representation is thus a map 

p : 7Ti(E,x) > G 

well-defined up to conjugation. 

Conversely, it is not hard to construct, from any conjugacy class of such map, 
a gauge equivalence class of fiat connections over E x G. 

The moduli space. The space M we want to consider is the quotient of the 
space Afi of fiat connections by the gauge group action: 

M == Afi/Q. 

Example KL3, Assume G = so that 0 = R, the Lie bracket is trivial and 
is just the ordinary exterior derivative d, the curvature is dA. Remember that the 
bundle is trivial, so that the curvature of any connection must be an exact form 
on E (see §V.4 and more precisely Remark V.4.6). Flat connections are closed 
1 -forms, the gauge group acts by translations 

g- A = Ay g~^dg = Ay g^a 
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where a is the form dz/ z on Thus M is the quotient of the space of closed 
1-forms by the equivalence relation defined by the above translations, namely 

From the set- theoretical or topological viewpoints, the space is quite easy to 
describe (even if this does not mean that it is very simple). We assign to each flat 
connection its holonomy as explained above. This gives a one-to-one correspon- 
dence between the moduli space M and the quotient Hom(7TiS', G)/ AdG. This 
even describes M as a topological space^^\ at least if the group G is compact. . . 
and I will only use the case of and that of SU(n). 

Singularities. The space Hom(7TiE,G) is itself often singular if the surface S is 
closed {d = 0). In this case, the fundamental group has a presentation with 2g 
generators and one relation 

TTiS = {ai, . . . ,ag,hi, ■ ■ ■ ,bg\aibia1^h'l^ ■ ■ ■ aghgO^^hg^) , 

SO that Hom(7TiE,G) is the hypersurface 
{(Ai, ...,Ag,Bu...,Bg)e I A,B,A^^B^^ ■ ■ • AgBgA-^Bg^ = Id} C 
a singular hyper surface in general. 

Even when the boundary of E is not empty (that is, when d > 1) and 
Hom(7TiE,G) is smooth, the G-action is not locally free, so that M is almost 
always singular, although it is Hausdorff, according to Proposition 1.1.11 as we 
assume that G is compact. 

Regular points correspond to representations p, the centralizer in G of which 
has the same dimension as the center of G. In the case of or SU(n), these 
correspond to irreducible representations. I will ignore singularities in what follows 
and refer the interested readers to Goldman’s paper [55]. 

There are points at which the action is principal. The dimension of the moduli 
space is then 

{2g + d — 1) dim G — dim G = {2g — 2 + d) dim G. 

Remark K1.4. If 9E is not empty, 7 Ti(E) is a free group on 2p + d — 1 generators 
(recall that g is the genus of E and d ^ 1 is the number of components of the 
boundary) and Hom(7TiE, G) is the product of 2p + d - 1 copies of G. 

This shows, among other things, that different surfaces may give moduli 
spaces which are homeomorphic: it depends only on 2p + d - 1. For instance the 
sphere with three holes {g = 0, d = 3) and the torus with one hole {g — 1, d — 1) 
shown in Figure 2 both give G x G/ Ad G as moduli spaces. We shall see, however. 



Strictly speaking, to use 7 ti(S), we need to have chosen a base point. However, the space 
Hom(7TiS', G)/ AdG is independent of this choice, because we have factored out by conjugation. 




152 



CHAPTER V. MODULI SPACES OF FLAT CONNECTIONS 



that these two spaces are endowed with natural Poisson structures which are quite 
different. 



o o 




Figure 2 



I will use these simple examples of surfaces, but also the simple example of 
the group already mentioned to illustrate the constructions. 

Example V.L5. Let us now come back to a general surface of genus g with d holes 
and suppose that G = SL The commutativity of the group leads to two important 
simplifications. Firstly, the Ad G action is trivial, so that the moduli space is simply 
Hom(7TiS, S^). Secondly, the group ttiE has a presentation 
/ d g 

7TiE — / oil,..., OLg^ /3i, . • . , /3p, ^ /i-ci, Pj j|^ ) 

\ j=l i=l 

with a single relation, involving commutators, so that 

u r /(S')"" = 0 

This is of course the same thing as above (Example V.1.3), where we had found 
that the moduli space M was in this case, except that here we have 

used a basis. 

Remark K1.6, This moduli space can be considered as a topological version of the 
Jacobian. See for instance [119, 60]. 



The case of SU(2), the polyhedra of Jeffrey and Weitsman. Let us con- 
centrate on the case where G = SU(2). We begin with a few specific features of 
the moduli space M in this case: 

- Recall that all the elements of SU(2) are diagonalizable. More precisely, for 
any A e SU(2), there is a unitary basis of in which A takes the form 
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for some real number 0 G [0 , tt], and, provided A ^ ±ld (which is equivalent 
to tr^ ^ ±2), the stabilizer of A in SU(2) is simply the involved in the 
choice of the first eigenvector. 

- As the group SU(2) is compact, the regular points of M correspond to the 
irreducible representations of ttiE. 

- Moreover, there are rather few singular points: if all the matrices have a 
common eigenvector, they must have a second one, since the second eigen- 
line is just the orthogonal complement of the first. In other words, they are 
diagonalizable in the same basis— and in particular they commute. 

Let me make the last remark more precise. Assume that 



p : 7TiE > SU(2) 

is a reducible representation. Let Mi, ... , Md be the images in SU(2) of the loops 
around the holes of E. As the image of p is commutative, the relation in ttiE gives 
only Ml • • • Md = Id. Write now all the Mj’s in a common basis of eigenvectors 




Q 

0 



for Sj = ±1 (recall that I assume 6 j G [0,7t]), so that the relation becomes simply 



Example V.l. 7 (The three holed sphere). Consider the case where E is a sphere with 
three holes (^ = 0, d = 3). The moduli space is 

Mo, 3 = {(Mi,M 2,M3) G SU(2) X SU(2) x SU(2) | Mi M2 M3 = Id}/SU(2). 

By conjugation, it may be assumed that 



Ml = 



0 

0 



0 < 01 < 7T. 



We can then conjugate M2 by a diagonal element of SU(2). So we may assume 
that 

M2 = ^ with h G R“^ 

in other words, there exists ^ G [0, tt] such that 

J a = COS02 - ^ sin 02 cos 
I 6 = sin 13 . 

The condition that 

Ml M2 be conjugate to 



0 \ 
V 0 ) 
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is then (e^^^a) = cos^a, or 

cos 6 1 cos 62 + sin 61 sin 62 cos (3 = cos 63 . 

This is reminiscent of spherical trigonometry: one may solve this for cos (3 if and 
only if 01, 62 and 63 are the lengths of the edges of a spherical triangle (see 
Figure 3 ). The representation is irreducible if and only if the triangle is an actual 
triangle, so that we can state: 

Proposition V. 1 . 8 . The moduli space Mo,3(SU(2)) can be identified with the set of 
isometry classes of spherical triangles. The map 

Mo, 3 ^ R" 

{Ml, M2, M3) • > -( 01 , 02 , 03 ) 

IT 

defines a diffeomorphism onto the tetrahedron 

0 ^ ^ 1, 1^1 — ^2! ^ ^3 ^ ^1 + ^2, U ^ 2. 




Figure 3 Figure 4. Mo,3(SU(2)) 

Lest us make a remark about this seemingly trivial example: the singularities 
of Mo, 3 are indeed those of the tetrahedron (namely the boundary points). 

V.2. A Poisson structure on the moduli space of flat connections 

We prove now that the space of flat connections, modulo gauge equivalence, is 
endowed with a Poisson structure. 

A summary of notation. The Lie group is G, its Lie algebra is g, the latter 
is endowed with an invariant nondegenerate symmetric bilinear form, that is, a 
linear map 

> R. 

The gauge group is Q, its Lie algebra g. If o G g = il^(E;g), a denotes the 
associated fundamental vector fleld on A. The moduli space is M and also Ap/Q, 
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but this M is only a shorthand for Me(G), or Mg^d{G) (if 9 is the genus of S and 
d the number of components of the boundary 9S), or Mg^d if the group is clear. 

V.2.a. The symplectic form on A. Following Atiyah and Bott, one defines 
a skew-symmetric bilinear form on the vector space that can be written, as a 
differential form, as: 

u>a{<P,'>P) = j 

Notice that u is “constant” (this is just a bilinear form, uja does not depend on A) 
so that it is closed: this is a good reason to use the infinite dimensional description 
here; in the usual^^^ finite dimensional descriptions, it is rather hard to prove that 
the forms obtained are closed (see [56] and [82]). 

In the above formula, one considers the product of forms 

A : g) (8) n"^(E, q ) > 

and as a mapping 

>f]"(E,R). 

It is obvious that lo is nondegenerate (being defined by two nondegenerate objects: 
the form !B and the pairing of 1-forms on the surface). Now, ^ is a symplectic 
(vector or affine) space. 

The purpose of this section is to understand what structure the form lu defines 
on M. We will prove: 

Theorem K2.1. The symplectic form u on A defines a Poisson structure on the 
moduli space M, the symplectic leaves of which are obtained by fixing the conjugacy 
classes of the holonomies along the components of the boundary ofT,. 

V.2.b. Symplectic properties of the gauge group action. The gauge group 
action preserves the symplectic form (because it is defined by the invariant form *B): 

{g*uj)A{if,ip) = ujg.A {T a 9(^),T AgW) 

= lja the ^-action on A is affine 

What we would like to do now is to write that the action is Hamiltonian 
and to describe its momentum mapping. We thus want to find, for any o G g. 



also the Fock and Roslyi description in [50, 17]. 
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a function Ha, the Hamiltonian vector field of which is the fundamental vector 
field a and such that the mapping 

g ^ e-(^) 

a I > Ha 

is a morphism of Lie algebras (the Lie algebra structure on G^{A) is that defined 
by the Poisson bracket associated with lu). 

Atiyah and Bott have shown in [10] that, if 5E = 0, a solution to this 
problem is given by 

Ha{A)= [ B,{aAF{A)). 

In other words, when S has no boundary, the curvature is a momentum mapping 
for the gauge group action. This is a simple consequence of Corollary V.1.2. Here, 
some difiiculties will arise from the boundary of S. 



Proposition K2.2, For a G g = and A ^ A, let 

Ha{A)= [ 'B,{aAF{A))+ [ M<^aA). 

Jt. Joe 

The Hamiltonian vector field of Ha is the fundamental vector field a, but 
{Ha,H^}{A) = H[aM^)+ [ 

JdT, 

Proof Our candidate Ha should satisfy 
{lAHa){T) =^A{0iA,T) 

= [ T>^{ofi^A) Aif) 

= y* {dAOLAif) 

= I T>^dA{a A (f) F I T>^{aAdA(f) 

= I ®*(aA(/?)+ / T>^{aAdA(p)- 
JdT. Jt 

But we know (from Corollary V.1.2) that 

{TaF) {(f) = dAT- 

Now we have 

H[c, 0 ]A)= [ ®*(K/ 3 ]AF(A))+ f 3 *(K/ 3 ]aA) 

Jt JdT 

so that the last assertion is a consequence of the invariance of !B. 



□ 
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The central extension. The formula in the previous proposition shows that the 
mapping a i-^ Ha is not exactly a morphism of Lie algebras. If a, ^ G g, put 

c{a,f3)= / 'B^{aAd/3). 

This defines a skew symmetric bilinear form on g, which has the additional prop- 
erty of being a cocycle, in the sense that 

c(K/ 3],7) + c([/?, 7 ],a) + c([ 7 ,a],/?) =0 

(direct verification) . This gives the idea to consider the vector space g = g 0 R 
and to endow it with the bracket 

[(o!,f),(/3,u)] = {[a,f3],c{a,(3)). 

This gives it the structure of a Lie algebra. We have an exact sequence of Lie 
algebras 

0 ^ R ^ g g > 0 

so that g is an extension of g. As the additional R obviously lies in the center 
of g, this is called a central extension of g. The structure on g was made so that, 
defining H(^a,t){^) = Ha{A) + 1, Proposition V.2.2 can be rephrased as: 

Corollary K2.5. The mapping 

g >e^{A) 

(o, t^ I > H(^a,t) 

is a morphism of Lie algebras. Moreover, the Hamiltonian vector field of the func- 
tion H(^a,t) : w4 — ^ R 25 the vector field a. □ 

The last assertion tells us that g acts infinitesimally on A via the infinitesi- 
mal g-action we already know. This remark can be integrated to define a central 
extension Q of the gauge group itself, acting on A via the gauge action of Q. 

What I want to describe now is the momentum mapping for these actions. 
I must first say something about the dual of the Lie algebra g. The proof of the 
next proposition is straightforward. 

Proposition V.2.4. The pairing of g) 0 (5E, g) 0 R with g by 

{R,(f,z)<^{a,t)\ > / / 'B^{a A (f) zt 

Je JdT. 

is nondegenerate. □ 

In this way, 0 0 R can be seen as a subspace of g^ and 

the previous study can be summarized in: 
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Corollary V.2.5. The mapping 

ii : A > g* 

A. 

is a Q-equivariant momentum mapping for the gauge group action. □ 

Notice that the central part of Q does not act on so the statement makes 
sense. 

When the surface E is closed, the momentum mapping p is just the curvature, 
so that the space of flat connections modulo the gauge group action is a reduced 
level set of a momentum mapping, and thus a symplectic manifold^^\ as was 
explained in [10]. In the general case where the surface has boundary components, 
the curvature is the momentum mapping for the action of a smaller group. Let us 
consider the subgroup Qo of the gauge group Q deflned by 

Qo = {g ^ Q \ g\di: = 1 } • 

This is the kernel of the morphism of restriction to the boundary and, in particular, 
this is a normal subgroup. 

Proposition K2.6. The normal subgroup Qo of Q acts on A with momentum mapping 
A F{A). The space Mo of flat connections modulo the Qo-action is symplectic. 

Proof The Lie algebra of Qo is 

go = {d G g I a\dE = 0} 

so that one can embed 

0^(E, 0 ) 0 R ^ > gS'^ 

and conclude that the momentum mapping for the ^o-action is the composed map: 

pop: A . > (F(A), A|aE, 1 ) ^ {F{A), 1 ) G gS- 

Hence Mo = {p^ p)~^{0, l)/Qo is a symplectic reduced space. □ 

V.2.C. The Poisson structure and its symplectic foliation. As Qo is normal 
in Q, the gauge group Q also acts on Mo, the action preserves the symplectic 
structure, and the quotient Mo/Q is, of course, our moduli space M. Being the 
quotient of a symplectic space by a symplectic group action, it inherits a natural 
{i.e., coming from the form uj on A) Poisson structure. The next aim is to describe 
its symplectic foliation. We apply Proposition III. 2. 22 to the action of Q /Qo on Mq. 
There is an exact sequence 

1 ^ go ^ g ^ G) 



(^)As long as this is a manifold, of course. 
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SO that 

0/^0 C (Ci,G). 

As usual, can be identified with a subspace of the dual of the Lie 

algebra of by integration 



^ ^ r 
i=i 



!B* {<pi A ai) 



in such a way that the momentum mapping we are interested in is 



d 

Mo ^ , 0 ) 0 R 

i=l 



D] ' ^ ((^|ci,---,^|c<i),l)- 

Let us now identify each component Ci with the circle S^, so that = 

is the Lie algebra Lq of the loop group 

LG = e^{S\G) ^ e^{Ci,G), 

We thus have to understand the coadjoint action of the loop group LG on the dual 
Lq of the central extension Lq defined by the same cocycle as g above. 

I shall postpone the description of these orbits, and thus the proof of the next 
proposition, to the end of this section. Here is the result: 

Proposition V.2.7. The space fi^(S^,g)0{l} can be embedded as a subspace in the 
" — 

dual Lg . The map which associates to any form on its holonomy along the 
circle gives a one-to-one correspondence from the set of coadjoint orbits of LG in 
0 1 ^0 the set of conjugacy classes in G. 

Notice that we will eventually have proven Theorem V.2.1. □ 

Example V,2,8 (The case of S^). Consider the case of the group G = S^. Fixing a 
conjugacy class in amounts to fixing an element of SL The symplectic leaves 
in Mg^d = X are the x {ci, . . . ,Cd_i}. 

Example K2.9 (Different Poisson structures on the same space). Let us turn now to 
our second favorite class of examples (Figure 2), the three holed sphere and the 
one holed torus, that is, the moduli spaces Mq ,3 and Mi,i. As we have already 
noticed, both are copies of G x G/ AdG. 

An element of Mq ,3 consists of three elements Mi, M 2 and M 3 G G such 
that Ml M 2 M 3 = 1, up to simultaneous conjugation by group elements. To fix a 
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symplectic leaf, we have to fix the conjugacy classes Ci, C2 and C3 of Mi, M2 
and M3. It turns out (this is the subject of Exercise V.l) that the map 

Cl X C2 X C3 > G 

(Ml, M2, M3) I > M1M2M3 

has maximal rank at a solution of the equation Mi M2 M3 = 1 corresponding to an 
irreducible representation. The dimension of the symplectic leaf Mg 3 ^ is thus 

dim Ci ~2 dim G. 

As for an element of Mi,i, it also consists of three elements A, B, M E G, but 
now the relation is ABA~^B~^M = 1 and, to fix a symplectic leaf, we need only fix 
the conjugacy class C of M. In the same way, it is shown that dimM^i = dimC. 

Generic conjugacy classes have the form G/T for a maximal torus T, and 
thus have dimension dimG — rkG, so that, for G a simple Lie group, the generic 
symplectic leaves have dimension dim G — 3 rk G in Mo, 3 and dim G — rk G in Mi,i , 
so that the Poisson spaces obtained are indeed very diflFerent. 

Example V. 2.10 (The case of Mo,3(SU(2))). According to Proposition V.l. 8, this 
moduli space is simply the tetrahedron shown in Figure 4. the conjugacy classes 
have dimension 2, so that the symplectic leaves have dimension 0: the Poisson 
structure on the tetrahedron is trivial. Notice that in Mi,i(SU(2)), the leaves have 
dimension 2. We shall see in Example V.3.10 that these leaves are spheres. 

Notice that these computations of dimension work only for a simple Lie 
group. Consider for instance Mi,i in the case of the commutative group S^. The 
only conjugacy class giving rise to a nonempty leaf is that of 1, so that Mi,i(S^) 
is actually symplectic. 

Description of the central extension Lq. Identify with R/ 27 tZ and define, 
for o, /3 : -> 0, 

1 

c{a,P) = -j^ na{e),(3'{e))de 

{/S' denotes the derivative of (3 with respect to 6 ). The Lie algebra Lq is defined by 
the cocycle c as above. The adjoint action of Lq on itself is actually an Lg-action, 
by 

ad^(a,t) = ([7,a],c(7,o)) 

and this is the infinitesimal version of the adjoint action of the group LG. To write 
the latter, we need some notation: for ^ — » G, we will consider g~^g' as a 

mapping g and hence as an element of Lg; a bilinear form on Lg, which will 
still be denoted by is defined by 
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Now, the adjoint action is 

Adg(a, t) = (Adg a, t + «)) • 

Let us describe now the coadjoint action, on the subspace 0 R of Lg : 

(Ad*(</ 5 , z), {a, t)) = {{if, z), Adg-i {a, t)) 

= z), a,t - 'B {g'g~\a))) 

= [ 'B{(p,Adg-io)+zt-z [ B{g'g~^,a) 

Js^ Js^ 

SO that 

Ad*(<^, z) = (Adg (/? - zg'g~\z) . 

Remark V.2.1L This is an LG-action. However, notice that it depends, for each 
“level” 2 :, on the actual value of z. The momentum mapping and the orbits we are 
interested in correspond to the value z = 1. 

End of the proof of Proposition V.2.7. The last argument comes from [117, §4.3]. 
Consider an element (p G g) and write it as p = adO for some a G Lg. Solve 

the differential equation 

\ /(O) = 1 

at least for a function / : R G. As a is a function on the circle S^, 
f{0 -h 27 t) = /( 0 )/( 27 t). Call m{ip) (m is for monodromy, an alias for “holonomy”) 
the element /( 27 t) G G. Let us make an element g G LG act on ( 99 , 1), obtaining 
(p = Ad^ p - {dg)g~^, that is, 

a = Ad^ a — g'g~^. 

It is easy to check that m{Adgp) = g{0)m{p)g{0)~^ and this proves Proposi- 
tion V.2.7. □ 

Remark K2.12. The description of the symplectic leaves we have given was sketched 
by Atiyah in [9] . The symplectic form of the leaves is described in many papers (for 
instance in [3]). I have chosen a global description of the Poisson structure (which 
I learned from Volodya Fock (see [49])) because it shows why the symplectic leaves 
are obtained by fixing the monodromy along the boundary components, so that 
the symplectic foliation appears in a very natural way. 

It is also possible to describe the Poisson structure in the infinite dimen- 
sional setting without using the loop group, as explained by Jeffrey in [72]: she 
considers connections A that are identically zero on some neighbourhood of the 
boundary, which makes the approach slightly simpler but less canonical than the 
one presented here, as she is forced to use a parametrization of the boundary. 
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V.3. Construction of commuting functions on M 

In this section, we define functions on M, following Goldman [56], and prove that 
they are in involution. 

V.3.a. Goldman’s functions. They are usually described in the following way. 
Consider both an invariant function / : G ^ R and a simple closed curve C on E, 
and define a map 

fc • M > R 

[p ] ' ^ f{p{C)) 

where p is a representative ttiS ^ G of the class [p] and C is considered as an 
element of ttiE in any obvious way, the invariance of / implying that the result 
does not depend on the choices made. 

For C a simple closed curve, let Qc be the subgroup of the gauge group 
Q consisting of mappings ^ : E ^ G that are identically equal to 1 on C. The 
subgroup Qc is, of course, normal. Call Me = AfilQc- The map 

Pc • ^ Lq 

(with the notation of §V.2), defined using a diffeomorphism (7 S^, is the mo- 

mentum mapping for the ^c-action on Me and thus defines a mapping 

^e : M . /LG, 

which associates, to the gauge equivalence class of the fiat connection A, its holon- 
omy along C. The Goldman functions are just the quantitative (numerical) versions 
of the mapping $e* invariant functions on G more or less describe the conjugacy 
classes in G. The fiow of a function fc (as defined above) will preserve the levels 
of the map Such a level is a set of fiat connections, the holonomy along C of 
which is in a given conjugacy class (notice that fc depends only on the homotopy 
class of the free loop C). So we have the following proposition: 

Proposition V.3,L Let C be a simple closed curve on E. The flow of fc acts on the 
class [A] cM of a flat connection by some element of the stabilizer of 

its holonomy along C. □ 

After having defined these functions, Goldman has proved two beautiful the- 
orems: 

— He has computed the Poisson brackets of any two functions /ci, gc 2 ^ 
roughly speaking in terms of the intersections of the two curves Ci and C 2 . 
— He has given an explicit formula for the fiow of /c, viewed as a Hamiltonian 
on M. 
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We will not prove these theorems here, contenting ourselves to send the readers to 
the original paper [56]. 

Theorem V.3.2 (Goldman [56]). Let Cl and C 2 be two disjoint simple closed curves 
on the surface E. Then, for any two invariant functions f and g on the group G, 

{/ci,^C2} = 0. 

Notice that Goldman considers a closed surface E, but this does not make 
any difference here. 

Corollary K5.5. Let C he a simple closed curve on the surface E. Then for any 
two invariant functions f and g on the group G, = 0. □ 

As for the second theorem, I will use only a special case, which is a quanti- 
tative version of Proposition V.3.1, in § V.l. 

V.3.b. Integrable systems? 

Counting commuting Goldman functions. Recall that g is the genus and d 
the number of boundary components of E. Assume d ^ 1 if ^ = 1 and d ^ 3 if 
= 0. Then the maximum number of disjoint (nontrivial) curves on E is 3^ — 3-hd. 




Figure 5. Trinions 

This yields a trinion^^^ decomposition, see Figure 6, so that Goldman gives us 
(3^ — 3 -h d)rkG (hopefully independent) commuting functions on M. This will 
be an integrable system. . . provided it is defined on a symplectic manifold of 
dimension 2{3g — 3 -|- d)rkG. Notice that the Goldman functions defined by the 
boundary components are Casimir functions: this is more or less equivalent to 
saying that the symplectic leaves are obtained by fixing the conjugacy classes of 



^®^The beautiful French terminology turns out to be very inconvenient when translated into 
English, as French people simply wear “pantalons” while the British need “pairs of pants”. In 
any case, a trinion is just a sphere with three holes See Figure 5. 
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the holonomy along the boundary. This is the reason why I have not included them 
in the enumeration here. 




In the case of a closed surface {d = 0) the moduli space itself is a symplectic 
manifold. If moreover the Lie group G is simple, we have seen that the dimension 
of is {2g - 2) dim G and we have (3^ - 3) rk G functions. Thus Goldman gives 
us an integrable system if and only if 

dimG ^ 
rkG ' 

This happens with G = SU(2). 

Another way to have enough functions would be to consider a surface with 
nonempty boundary and choose a small enough symplectic leaf. Consider for in- 
stance the moduli space Mi,i(SU(n)). Goldman allows us to use one curve and 
n — 1 invariant functions. . . and this might give us (provided the functions are 
independent) an integrable system on any symplectic leaf of dimension 2(n — 1). 

In both cases, it can be shown that the Goldman functions are actually inde- 
pendent. I will concentrate on the case of SU(2). In this case, Jeffrey and Weitsman 
[76, 77] have exhibited a torus action that I describe now and which is nothing 
other than the action-angle coordinates for the Goldman system (see §111.3. b). 

A point in M^,ci(SU(2)) is a conjugacy class of a representation p : 7Ti(E) ^ 
SU(2). Let Ml,. . . ,Md be matrices corresponding to the d boundary components 
of E. Each Mj is an element of SU(2) so that its conjugacy class is well-defined 
by its eigenvalues . We have: 

Proposition V.3,4, Let 0i, . . . , ^ [0, tt] be such that, 

for all Sj G {±1} , ^ 0 mod 2n. 

Then the symplectic leaf defined by the conjugacy classes of the diagonal matrices 

fe^^^ 0 \ 

V 0 



0 \ 

0 
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consists of regular points o/M^,d(SU(2)) and is a smooth compact symplectic man- 
ifold of dimension 6g 2d — 6. □ 

Goldman’s functions on SU(2). Let us turn to Goldman’s functions in this case. 
The only invariant function is the trace, which defines a function fc and a fiow on 
M for any curve C. The first remark is a very special case of Proposition V.3.1: 

Proposition V.3.S, All the orbits of the flow of fc o,re periodic. 

Proof. The stabilizer of a generic element of SU(2) is a circle. □ 

Remark V3.6. The Hamiltonian system defined by the function fc on M is super- 
integrable, in the sense that there are many (“count” the curves not intersecting C) 
functions commuting with fc (of course they do not pairwise commute). The 
trajectories of the fiow lie on the common level sets of all these functions. As there 
are enough functions, these common level sets are 1-dimensional. A good reason 
for the fiow to be periodic. 



Now we normalize so that this periodicity corresponds to an S^-action. Define 
hc:M-.[ 0 ,l] by 

hc{[p]) = - arccos ( - tr p{C) 

7T \Z 

(up to the factor 1 /tt, this is just the 0 in a matrix corresponding to (7 as above, 
namely, is an eigenvalue) . Let Uc C M be the open subset consisting of all the 
classes of representations p : ttiE ^ SU( 2) such that p{C) ^ ibid, so that he is 
smooth on Uc and hc{Uc) C (0, 1). 

Proposition V.3.7. The Hamiltonian he : Uc ^ R ^5 periodic. 



Sketch of the proof. This is a quantitative version of Propositions V.3.1 and V.3.5 
and a special case of Goldman’s result described in § V.3. The function he is the 
Hamiltonian of the -action 

( p{'y) if 7 n C = 0 



(^•P)(7) 



< 



z 0 
0 z 



p{-y) if 7 • C = 1 



in the Ccise where the curve C does not disconnect the surface. When E - C has 
two components Ei and E2 say, if 7 fl (7 = 0, {z • p){j) = p{^) if 7 is homotopic 
to a curve in Ei say, and 



{z • p){'y) is the conjugate 



0 z \ o z 



if 7 is homotopic to a curve in E2. 



□ 
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Trillion decompositions and torus actions. Let us now Q.x3g-\-d — 3 curves 
on the surface S as in Figure 6. Together with the d boundary components of S, 
this gives us a set C of 3^ + 2d - 3 curves which divide the surface into 2^ + d - 2 
trinions (see Figure 6). To each curve C G 6, associate the corresponding 6c, he- 
Let 

h:M-^R^ = R^9+2d-3 

be the map the components of which are the functions he (C G C). To each 
trinion in the decomposition is associated a tetrahedron in the subspace C 
corresponding to its three boundary curves. Let 

= Pi hlc- 

cee 

Proposition V.3,8. The restriction to Uq of the mapping 

h : M > R^ 

is the momentum mapping for a -action on the Poisson manifold Uq C 

Mg^d- The closure of the image ofh is the convex compact polyhedron Pq obtained 
by taking the product of the tetrahedra corresponding to the trinions defined by 6 
and intersecting it with the hyperplanes corresponding to the gluing of two trinions. 

Proof That the image is included in the polyhedron Pq is clear. We have only 
to check that all the interior points are actually obtained. Now any point of Pq 
gives a point in all the tetrahedra corresponding to the trinions defined by C, that 
is, according to V.1.8, a family of representations of the fundamental groups of 
the various trinions, or a gauge class of fiat connections on each trinion (one even 
constructs local sections of the momentum mapping this way). One then checks 
that there exist either morphisms ttiE SU(2) or flat connections on E that 

extend the given data. □ 

This proves that the he are the action coordinates corresponding to our 
angles (in the torus). This also proves that the Goldman functions under consid- 
eration are independent, as Pe is a poly tope with nonempty interior. 

Notice also that Proposition V.3.8 is not an application of the convexity 
theorem (Theorem IV.4.3) even when restricted to the intersection of a symplectic 
leaf with Ue, as this is not a compact smooth symplectic manifold. 

Let me make this remark more precise. Choose 

t = (ti, . . . , td),U G [0, 1] such that ^ SiU ^ 0 mod 2 

and cut the polyhedron by the affine subspace defined by t (corresponding to the 
boundary curves). This gives a compact convex polyhedron Pq which is the image 
of the compact smooth symplectic leaf under the mapping h. However, nobody 
claims that Pq is the image of the momentum mapping of a torus action on M*: 
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this is the image of h and also the closure of the image of the momentum mapping 
for a torus action on DUq (which is, indeed, the restriction of h). Obviously, 
if the genus of E is large enough, there can be some matrices equal to ib Id in an 
irreducible representation of ttiS. 

In the sequel of this §, I will discuss some examples, in order to explain the 
meaning of this result. 

Example V3.9 (The three holed sphere). Notice that Proposition V.1.8 is a special 
case of Proposition V.3.8, the case of Mo, 3. As the Poisson structure is trivial, a 
diflFeomorphism can be a momentum mapping. 





Figure 7. The moduli space Mi,i(SU(2)) 



Example K3.10 (The torus with one hole). Consider now (once again) our second 
favorite example, the torus with one hole, that is, the space Mi^i. The moduli space 
is 3-dimensional, as is Mo, 3. But now, the momentum mapping is for a T^-action 
and takes its values in R^. With the notation defined by Figure 7, the image 
of the momentum mapping is a triangle (intersection of the basic tetrahedron 
with the plane = ^2)- The symplectic leaves are defined by Notice that 
all of them are smooth surfaces, provided ^3 7^ 0,1. As this implies that ti = 
h € (0, 1), ZYe n M^ = M^ Thus the symplectic leaves have dimension 2 and are 
endowed with a Hamiltonian S^-action, and so they must be 2-spheres (see, if 
necessary. Exercise III. 2), the image of the corresponding momentum mapping is 
the intersection of the triangle with the line = const (Figure 7). 

Example V.3.11 (The torus with two holes). The next example is a torus with two 
holes, that is, the moduli space Mi, 2- Using the trinion decomposition shown in 
Figure 8 and Proposition V.3.8, one gets a momentum mapping, the image of 
which is a 4-dimensional polytope. To obtain a symplectic leaf, fix the numbers ^3 
and ^3 corresponding to the boundary components. The leaf is then mapped onto 
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the rectangle shown in Figure 8 (and, again according to Theorem IV.4.20, this is 
an X S^). 





Figure 8. A symplectic leaf in the moduli space Mi,2(SU(2)) 



Dependence on the decomposition. There can exist many different trinion 
decompositions for a given surface. Consider the simple example of a closed surface 
of genus 2 = 2, d = 0). It has two trinion decompositions as shown in Figure 9, 

which also shows the closures of the images of the corresponding momentum map- 
pings h : 3Vt2,o The two polyhedra are quite different. For instance the 

pyramid cannot be obtained as the image of the momentum mapping of a torus 
action on a smooth compact symplectic manifold as it has a vertex with valency 4, 
which is forbidden by the linearization theorem for torus actions. 

Let me make a last remark on these two examples: the tetrahedron in Fig- 
ure 9 turns out to be the same as the image of the momentum mapping for the 
T^-action on P^(C) (Example IV.4.6). To compare them, we must be rather care- 
ful with the integral lattices the tori define in R^. In the case of P^(C), this is 
the standard integral lattice in R^. The T^-action on 3Vf2,o I have written is not 
effective (see [77]), so that the lattice to consider in Figure 9 is. . . precisely the 
one generated by the vertices of the tetrahedron. 

For the sake of completeness, let me recall that, following [112], A42,o(SU(2)) 
is homeomorphic with the projective space P^(C). 

Applications. The system on Mg^d and the torus action on Ue may help to 
understand the Poisson and/or symplectic geometry of the moduli space, as I 
have explained in the previous examples. 

As a first application. Proposition V.3.8 and its symplectic specializations 
make it very easy to compute the volume of a symplectic moduli space, as this 
is simply the volume of the image polytope (with respect to the ad hoc lattice). 
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Figure 9. Torus actions on JVC 2 ,o 

For instance, an argument by induction on the genus g which is based on the 
decomposition of a surface with one hole shown in Figure 10 and on the volume 
of the rectangle of Figure 8 allows Jeffrey and Weitsman to give a simple proof 
of a theorem of Donaldson’s, which states that the volume of the symplectic leaf 
defined by t in as a function of t, is a Bernoulli polynomial (see [78]). 




The torus actions on the moduli spaces are also used by Jeffrey and Weitsman 
to understand the cohomology of M. Consider in particular the case of a closed 
surface, so that M is symplectic. They compute the number of integral points in 
mPe (fhis is where you have to be very careful with the definition of the integral 
lattice — which I was not). It turns out that this number is given by the Verlinde 
formula(^). Now this can be interpreted in the following way. The torus action 
defines a complex structure on Uq, and being integral, the symplectic form defines 
a complex line bundle C on Uq. Now, if we were in ordinary toric geometry (i.e., 
with complete complex toric manifolds), the dimension of the space of holomorphic 



that in particular, it does not depend on the actual trinion decomposition chosen! 
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sections of would be the number of integral points in itiPq and thus would 
also be given by the Verlinde formula (see [76] for the details). 



V.4. Appendix: connections on principal bundles 

V.4.a. Principal bundles. A principal G-bundle is a space P endowed with a 
free G-action such that the orbit map P ^ B is a locally trivial fibration^^) . 

When the slice theorem (Theorem 1.2.1) can be applied, the local triviality 
condition is automatically satisfied by a free action. We shall only consider compact 
groups here, but we cannot restrict to the case where P and B are manifolds, 
mainly because (in Chapter VI) we shall need some infinite dimensional spaces. 

There is an obvious notion of isomorphism of principal G-bundles. 

I shall, of course, take the liberty of denoting with the same letter the bundle 
and its total space. 

Examples V.4.1 

(1) In Chapter I, we have investigated principal S^-bundles over and over 
surfaces. 

(2) Of course the natural S^-action on the unit sphere C makes 

the quotient map — > P’^(C) a principal S^-bundle as well. 

(3) We consider now a slightly more complicated group, more precisely we look 

at the complex Stiefel manifold Vk{C'^~^^) of unitary fc- frames in The 

unitary group U(/c) acts naturally on Vfc(C’^+^). This is a free action and 
the quotient is the complex Grassmannian^^^ of all /c-dimensional 

vector subspaces in The projection 

Ffc(C”+'=) . Gk{C^+^) 

is a principal U(fc)-bundle (for fc = 1, this is ^ P^(C)). 

(4) If the group G is discrete, a principal G-bundle is a Galois covering. 



V.4.b. Connections. A connection on P is the choice of a horizontal subspace 
of TpP for all points p of F, namely of a splitting of the exact sequence of vector 
bundles 



0 >VP- 

r., 



>TP- 

Va "■ 



Ttt 



^tt^TB 



^0 



which is also G-invariant. Here VP, the vertical bundle, is the kernel of Ttt, in- 
trinsically defined, contrary to the horizontal subbundles. 



Notice that the G-action on P is free and not only principal, a small incoherency in the 
terminology. 

(^)See also Exercise III. 16. 
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Example V.4.2 (The trivial bundle). Assume the principal bundle is (globally) triv- 
ial. Then there is an obvious connection on P, the trivial one, the horizontal 
subspace of which at (^, x) G G x P is 

{0} X J,B c T,G X J,B = (G X P) . 

For any other connection on the trivial bundle, the horizontal space H(g^x) is the 
graph of a linear map T^^P T^G. The invariance property leads us to a linear 
map TxB Q (the Lie algebra of G), so that the space of all connections can be 
identified with the space (P, g) of 1-forms on P with values in g. This example 
is not only trivial, but also very important as any principal bundle is locally trivial. 

More generally, a connection on P being fixed, the horizontal space of any 
other connection can be understood as the graph of a 1-form on P. The difference 
of two connections is an element of the vector space (P, g). The space A of all 
connections on P has thus the natural structure of an affine space modeled on this 
vector space. Notice that there exist, indeed, connections on principal G-bundles, 
as is asserted by Proposition V.4.3 below. 

An important tool is the canonical 1-form on G. This can be considered as a 
complicated way to define a connection on the trivial bundle G pt over a point. 
Goncretely, this is the 1-form 6o with values in g defined, at the point g ^ G and 
on the vector Jig{X) G T^G (for A G g) by 

(0o),(Ti5(X)) = Ad,(X)G0. 

This is an invariant form in the sense that 

h^9o = Ad/j 00 for all h e G. 

Indeed, for G G, A G g, we have 

{h*eoUTg{X)) = {OoWgiTgh{Tg{X))) 

= {eo)H-giTi{h-9){X)) 

^-Adh.giX) 

= Adft(Adg(X)). 

For instance, the horizontal distribution on the trivial bundle is the kernel of the 
form 00? viewed on P x G. 

Proposition K4.3. On any principal G-bundle, there are connections. 

Proof. We construct a 1-form 0 on P with values in g. The required horizontal 
distribution will be the kernel of 0. Let {Ui)iei be a covering of P such that 

- the bundle is trivialized over Ui by diffeomorphisms (pi : p~^{Ui) GxUi, 

— there exists a partition of unity with 'ipi = 0 out of Ui and -0^ = 1. 
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We choose any connection on the trivial bundles Ui x G, for instance we choose 
the horizontal direction tangent to <fi{Ui x G). Let now 0i be the 1-form defined 
oiip-^{Ui) by 

Oi = vtOo 

and 0 be the 1 form defined on P by 

{0)x = Y^rp{p{x)){di)^. 

i 

Thanks to the invariance property of 0, the kernel of 0 has the required invariance 
properties. □ 

Notice that we have constructed here a 1-form 0 on P satisfying certain invariance 
conditions. This is actually equivalent to giving a connection (see Exercise V.4). 
A connection A being given, we have 




— a horizontal lift X i— > for all vector fields on S 

- a vertical projection Y ^Va{Y) for all invariant vector fields on P. Notice 
that Va{Y) is nothing other than 0{Y) for the 1-form 0 constructed in 
Proposition V.4. 3. 

They are shown in Figure 11. 

Connections as derivations. The connections act on 0-forms with values in g 
as: 

for / G n%B,g), Ua/)(X) = V^/ = VA[hA{X),f]. 

Notice that 



VA[hA{X)J] = VA[hA{X) • / - fhA{X)] = VA{hA{X) • /). 

For instance, for the trivial connection on the trivial bundle, this is simply the 
usual exterior derivative 



(do/)(X) = X-f. 
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This extends to all g-valued forms, as the exterior derivative does. For instance, if 
(/? G 0 ), dA^f is the g-valued 2- form defined by 

{dA^){X,Y) = Xi<p{Y) - XMX) - 

The curvature. The curvature A of the connection A is defined as the 2-form 
on B with values in g such that: 

for X, y vector fields on B, F{A){X, Y) = VA{[hA{X), hA{Y)]). 

V.4.C. The case of S^-bundles. Assume now that the group G is simply a 
circle The Lie algebra is R, the form 60 is the closed 1-form dz/z (better 
not call it dO here). What Proposition V.4.3 gives us is an invariant 1-form, more 
precisely, a connection form, namely a 1-form a on P that satisfies, if X is the 
fundamental vector field of the -action, 

— the invariance property Cx<^ = 0, 

- the normalization condition ixo = 1 (so that, for any vector field Z on P, 
a{Z) is simply Va{Z)). 

Example K4.4. Let C denote, as usual, the unit sphere = 1. 

Make act diagonally by 

U’ {zi,...,Zn) = {uZi,...,UZn). 

Recall that the fundamental vector field (associated with d/dO) of this action is 

X(^Zi,...,Zn) ~ • • • ? 

or, writing Zj = qj -|- ipj, 




Let a be the 1-form (on or on defined by 

n 

« = XI • 

i=i 

By definition, we have ix(x = ^- On the other hand, 

da — dpj A dqj -t- X ^ ^Pj 

= — 2iLU 
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where lu = J2^Pj ^ canonical symplectic form on C’^. Since the vector 

field X preserves ou, we have 

Cx(^ = dixOL + ixdot 
= ix(-2o;) 

= 2dH = Q 

for i? = ^ ^ constant on the sphere. In other words, a is a connection form 
on the principal S^-bundle tt : P^“^(C). 



Turning back to a general principal -bundle, let us look now at the form da. 
It satisfies ixda = Q and Cxda = dixda = 0. Thus there exists a 2-form ry, the 
curvature form, such that = da and which is closed because da is. 



Example V.4.5. Consider once again the Hamiltonian H = 

duction aa at the level a (see Example III.2.18). That is, consider the sphere of 

radius and its projection on P’^“^(C). As above, the form 



1 "" 

^ '^{-PjdQj + Qjdpj) 



is a connection form, with 






daa = = — TT — 



a 



a 



with the notation of III.2.18, so that the curvature form, on P’^ ^(C), is precisely 

the 2-form — — . 

a 



The definition of the curvature used here is of course just another viewpoint 
on the same object as above, namely, for an S^-bundle, the curvature Fa and the 
curvature form a agree (up to sign). Indeed, let Y, Z be two vector fields on B. 
Let us lift them to P as h^(F), Ha^Z) and compute 



cr(T, Z) = {da){hA{Y), hA{Z)) by definition of a 

= hA{Y ) . a{hA{Z)) - hA{Z) • a{hA{Y)) - a{[hA{Y), hA{Z)]) 

= —a{[hA{Y), hA{Z)], horizontal vectors being in the kernel of a 
= —VA{[hA{Y),hA{Z)]) by definition of a. 



Remark K4.6. If a, a' are two connection forms on the same principal -bundle 
TT : P B, the 1-form a — a' is invariant and vanishes on vertical vectors, since 
i^a = ix(^' = ^ for the fundamental vector field. Hence there exists a 1-form /? on 
the basis B, such that a — a' = 0. . . so that we have, for the curvature forms, 

rj-T]' = d/3, 
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in particular, the de Rham cohomology class of the curvature form rj does not 
depend on the choice of the connection form. In particular, if the bundle is trivial, 
choosing a trivialization gives a trivial connection, the connection form of which 
is simply the volume form on S\ a closed 1-form on x B, so that the curvature 
of any connection form on a trivial principal S^-bundle is an exact 2-form. 

Exercises 

Exercise V,L Let Mi, M2 and M3 be three elements in G = SU(n) such that 

- M1M2M3 = 1, 

- there is no line in which is invariant under Mi, M2 and M3. 

Consider the two linear maps / and : 0 ^ 0 defined by 

f{X) = MiXM-^ - X and g{X) = M^^XMs - x 

and prove that 

dim Ker / -h dim Ker g ^ dim 0. 

Let Cl, C2 and C3 be the conjugacy classes in G of the matrices Mi, M2 and M3. 
Consider the differentiable map 

h : Cl XC2XC3 ^ G 

(^ 1 ,^ 2 , -^3) ' ^ ^ 1 ^ 2 ^ 3 - 

Check that its differential at (Mi, M2, M3) is given by 

T(Mi,M2,M3)^([-^5 ^1]? [^7 ^2], [ 2 ’, M3]) 

= Mi{Y - X)Mf ^ -{Y-X) + M^\Z - Y)M3 - {Z - Y). 
Deduce that h has maximal rank at (Mi, M2, M3) and that 
dimM^3^^’^^ = dim Cj — 2dimG. 

Exercise K 2 . Fix conjugacy classes Fi, . . . in G and consider the symplectic 
leaf C Mg^d- Let C be a simple closed curve disjoint from the boundary. 

The map of § F .3 can be considered as a map 

> L0VLG. 

Cut the surface along the curve C, getting a new surface with two more boundary 
components. Fix a conjugacy class F in G and consider the symplectic leaf 

^ Mg-i 4 + 2 - 

Prove that the natural map 

is the symplectic reduction of the level F in " 
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Exercise K3. For A G v4, define 

:0°(S,g) 

a I ^ da -h [A, a\ 

where [A, a] is the 1-form, defined on the tangent vectors to S by 

X. >[A{X),a\, 

and similarly 

I > d(f + [A, (f\ 

where [A, ip] is the 2-form, defined on the pairs of tangent vectors to E by 
[A,^]{X,Y) = [A{X),^{Y)] - [A{Y),^{X)]. 

Check that dA is a derivation for the bracket of forms, namely that: 

dA[(p,'tp] = [dAif,'ip] ± [v>,dA‘>P]- 
Prove that, for a G 0*^(2, g), 

dAodA{a) = [dAA,a\. 

Deduce that 

dAodA:n°{Y,g) 

is the action of the 2-form F{A) = dAA with values in g (the curvature form). 

Exercise V.4, Let P ^ 5 be a principal G-bundle. Prove that, associated to any 
connection on P, there is a a differentiable 1-form ^ on P taking values in g, and 
which satisfies the two properties 

- VX G g, we have ix_0 = X, 

- 6 is invariant, in the sense that, g e G, g^6 = Ad^ -6. 

Conversely, prove that such a form determines a connection on P. 

Exercise K5. Prove that, in the case of S\ the two properties of the form 6 given 
in Exercise V.4 are equivalent to the two properties 

UxO = 0 and %xO = 1 

(as in § V.4.c). 
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EQUIVARIANT COHOMOLOGY AND THE 
DUISTERMAAT-HECKMAN THEOREM 



Another famous and spectacular theorem in the theory of Hamiltonian torus ac- 
tions is the Duistermaat-Heckman Theorem [44] (as we have learned since that 
time, similar results had been proved by Karasev [81] in 1981). This theorem has 
two versions, both asserting, once again, the importance of linear phenomena in 
the theory. 

In the first theorem (here Theorem VI.2.3), the authors consider the reduced 
symplectic forms and on the quotients of two regular levels /i“^(0 

(ry) which correspond to values ^ and rj located in the same component of the set 
of regular values of the momentum mapping /i. One may then identify the quotients 
and and consider the difference of cohomology classes [co^] - [ujr^] G 
The theorem asserts that it is a linear function of ^ — ry. 

The second statement (here Theorem VI.3.18) is usually shortened to: a pe- 
riodic Hamiltonian satisfies the “exact stationary phase formula” . 

It was Berline and Vergne [22] who first explained that this statement is 
a special case of a “localization theorem” in equivariant cohomology. This was a 
very productive idea: the language of equivariant cohomology actually fits very well 
with the investigation of Hamiltonian actions, as one might be readily convinced 
by looking at Proposition VI.2.1. 

Later came two “survey” papers on the subject, one by Atiyah and Bott [11] 
in 1984 and one by Ginzburg [53] in 1987. From these come the methods and 
results I shall discuss in the present chapter. 

As I have already said, the language of equivariant cohomology fits so well 
here that we shall see that the first of the Duistermaat-Heckman theorems becomes 
practically tautological (this will not detract from its beauty). . . Of course we will 
have to pay for this, namely we will have to define equivariant cohomology, the 
Borel construction and classifying spaces. . . Thus we shall begin by recalling the 
classical results and constructions of Milnor and Bold, recommending the reader 
to consult these authors and [ 69 ] for details. 
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VI. 1. Milnor joins, Borel construction and equivariant cohomology 

Vl.l.a. Principal and universal bundles. We shall consider numerable cov- 
erings, that is, locally finite coverings (Ui)i^j such that there exists a partition of 
unity with: 

«-'(] 0 , l])cUi, yiel. 

Notice, for instance, that any paracompact space has a numerable covering. 

A principal bundle over B is said to be numerable if there exists a numerable 
covering of B which makes it locally trivial. In this chapter, all the principal 
bundles will be assumed to be numerable, even if I forget to mention it explicitly. 

Let p : E B he a principal G-bundle, and let / : B be a continuous 

map, then the pull-back 

/*£; -{(e, 6') lp(e) = /(&')} 

or fibered product in the diagram 

rE >E 

- f - 

is a principal G-bundle as well, and one shows^^^ without too much difficulty: 

Theorem VLl.L Let ft:B'-^B be a homotopy. Then the two bundles /qE and 
fiE are isomorphic. □ 

Universal bundles. We try now to construct a principal G-bundle which is 
universal. In other words, we want a bundle S B such that any principal G- 
bundle is induced by a map B ^ B. More precisely, we will say that a numerable 
principal G-bundle £ B is universal if 

- For any numerable principal G-bundle E ^ B, there exists a map f : B 
B such that E is isomorphic to f*£. 

— Two maps f,g:B-^B induce isomorphic bundles if and only if they are 
homotopic. 

Milnor [107] has given a very beautiful (and, furthermore, explicit) construc- 
tion of universal bundles, called the Milnor join. Let 

EG = G^G^ •★G^ •• 

be the “infinite join” , or more explicitly: 

EG = limEG(n) 



for example [69]. 




VI.l. EQUIVARIANT COHOMOLOGY 



179 



where EG{n) is the quotient of the product 

Qn+i X A” = |(xo,io;a;i,ti;...;x„,i„) | Xi G G,^i e [0,1], = l} 

by the equivalence relation 

{xo,to ; . . . ; x„, i„) ~ (xq, fo; . . . ; if and only if C* 

[ti=t[j^ 0 -^Xi^ x\. 

We shall write (a:o,to; • • • for the equivalence class of the element under 

consideration. 

Examples VL1.2 

(1) Assume first that G = Z/2 = {=tl}. Then EG{n) can be identified with 
by the map 

EG{n) . 

(xQj ^0? • • • ? ^n) * ^ • • • ? V^^n^n) • 

( 2 ) Let now G be the circle The very same formulas identify EG{n) with 
the sphere 

The limit EG is defined by the inclusion maps 

EG{n) > EG{n + 1) 

(Xq, to? • • • 7 ^n? ^n) * ^ (^0? to, • • • , X77,, , 0) . 

Any element in EG will thus be written 

€ (xo, to, • • • 5 ^n? • • •) 

or for brevity e == (x,t). Notice that, for any element of EG, all the t^’s, except 
a finite number, are zero. We endow this set with the least expensive topology^‘^^ 
such that all the maps 

ti : EG > [ 0 , 1 ] 

(Xo, to, • • • 5 ^n? in) ' ^ ti 

and 

^^"'(]0,1]) >G 

(xq, to, • • • , Xfi, I ^ Xi 

are continuous. Notice that the group G acts on EG{n) and EG by 

g-{x,t) = {gx,t), 



(^^This the direct limit topology. See the comments on the possible names for this topology 
in [109, p. 63). 
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clearly free actions. The quotients will be denoted respectively BG{n) and BG. 
Since G does not act on the coordinate U, there is also a continuous map 

U:BG >[0,1]. 

It turns out that the open subsets V{ = Ij) constitute a numerable covering 

of BG and that the principal bundle EG ^ BG is trivialized on these open sets 
(see [40] for detail). 

Examples VL1.3 

(1) As we have seen, for G = Z/2, EG(n) = S’^. Thus 

EZ/2 = = |(^05 • • • • • • ) I almost all Xi =0 and ^^x^ = l| . 

The group acts by the antipodal map, so that BG{n) = P^(R) and BG = 

P^(R). 

(2) In the same way, for G = S\ BG{n) = P^(C), and BG = P^(C). 

We shall now explain (without too much proof) that these spaces were made 
to be universal. One begins by showing that all numerable bundles have a numer- 
able partition of unity which makes them locally trivial. Granted this, we consider 
the ti's on EG as a “universal partition” of unity (^U = 1), to prove: 

Proposition VL1.4. For any numerable principal G-bundle, E over B, there exists 
a map f : B BG such that f^EG is isomorphic with E. 

Proof. We construct two maps / and g such that the diagram 

E—^EG 

B^^BG 

commutes. For that, we use a partition of unity (t^n)n^o on B such that E|^-iqq 
is trivial. Put Un = 1]). Let 

h 

UnXG = >E\u^ 

Un 

be a local trivialization, and call Qn the projection Un x G ^ G. The map g we 
want to define is simply 

g{z) = {qohQ^{z), Uo{p{z)y , . . . ; qnh~^{z),Un{p{z ))-, . . .). 

This is better defined than one might think: of course, h~^{z) is defined only for 
z 6 p~^{Un), but, if this is not the case, Un(p(z)) = 0. 
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The map g is necessarily an isomorphism. We have more generally: 

Lemma VLL5. Let E\ B\ and E2 — > B2 be two principal G-bundles. Any 
morphism 

q 

E2 ^ E\ 

P 

induces an isomorphism g' : E2 ^ PEi. 

Of course, this lemma ends the proof of the proposition. □ 

Proof of the lemma. Recall that f'^Ei can be defined as the fibered product 
rE, = {{ei,b 2 )\f{b 2 )=p{ei)} 

SO that the map g' : E 2 f^E\^ defined by 

g'{e 2 ) = (3(62), p(e 2 )) 

is a morphism of principal G-bundles over B2> It is easy to check that g' is injective. 
If g'(^e) = g\e'), then p{e) = p{e') and e' = x • e for some x G G; applying g' again, 
one sees that x = 1. Moreover g' is surjective as well: let e G f'*"Ei^ and let e' 
be a point in the fiber of the image of e in B2- One can find an x G G such that 
g'{xe') — e. □ 

It is slightly more technical, but not much more difficult, to prove that the 
Milnor join is indeed universal. Prom this universality, some kind of uniqueness 
follows: if El — > Bi and E2 B2 are two universal principal G-bundles, writing 
explicitly this property for the former gives a morphism 

E2 > El 

f 

B2—^Bi 

and similarly, writing that E2 B2 is universal gives a morphism g : Bi B2. 
As f o g : Bi Bi induces an isomorphism, it is homotopic to the identity, and 
the same is true for g o f: thus the homotopy type of the universal space BG is 
well defined. As we shall use these spaces only in algebraic topology calculations, 
the uniqueness of their homotopy type will be sufficient for our purposes. 

In the same mood, one proves (see [40]) the following useful result. 
Proposition VL1.6. Let E ^ B be any numerable principal G-bundle such that the 

total space E is contractible, then this is a universal principal G -bundle. □ 
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In [ 107 ], Milnor has proved that his spaces are weakly contractible (this 
means that their homotopy groups are trivial), but in the mentioned paper. Bold 
has shown that Milnor joins are actually contractible. Consider for example the 
infinite sphere S^, namely our example of space EG for G = Z/2 or G = S^. 
Using the fact that is {n — l)-connected immediately gives the fact that 
is weakly contractible. The reason why the infinite sphere is actually contractible 
is that any sphere can be contracted to a point in To derive a complete 

proof is a little bit more elaborate (see Exercise VI. 1). We shall admit the general 
fact that the spaces EG we have described are indeed contractible. This has readily 
a few applications. 

Examples VI. 1.7 

(1) If H is a subgroup of G, it acts freely on EG, so that EG/B. is a model for 
BE, 

(2) If G and H are two groups, the product G x H acts on EG x EE in the way 
you imagine and the quotient is BG x BE which is a model for B{G x H). 

(3) If / : G — > H is a group morphism, it induces a continuous map BG BE: 
this is easy to construct on the “Milnor join” models. 

From these “theoretical” examples, one gets concrete examples of universal 
bundles. 

Examples VI. 1.8 

(1) From the inclusion of the cyclic group Z/m C S^, we deduce that the 

quotient of by the equivalence relation 

(Zo, . . . , 2;n) -- (C^O, . . . , C^n) if C = 1, 

namely the lens space is a finite approximation to B{Z/m), the latter 
then being the “infinite lens space” S^/(Z/m). 

(2) In the same way, the torus x • • • x acts diagonally on the 

product X • • • X which is thus found to be an approximation 

to ET'^ and BS^ x • • • x BS^ becomes therefore a model for BT^. 

(3) Consider the join J5U(fc)(n) = {{Ao,to; . . ,]An,tn) | Ai G U(fc)} and the 

map into the Stiefel manifold which, with any {A, t), associates 

the k column vectors in the fc(n + 1) rows matrix 

( y/toAo ^ 

\ \/^^n / 
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Taking limits and passing to quotients, this induces a morphism 

EU{k) >Vk{C^) 

B\J{k) 

As for the infinite sphere (which is the case fc = 1), it is easy to prove that 
the infinite Stiefel manifold Vk{0^) is weakly contractible: the homotopy 
exact sequence of the fibration^^^ 

Vk-i{C^) > Vk{C^) > 

gives that the map 

7rn{Vk-l{C^)) > MVkiC^)) 

is an isomorphism for N large enough, from what the expected result is de- 
duced by induction on k. We conclude that the infinite Grassmann manifold 
Gk{C^) is a model for B\J{k). 

Vl.l.b. The Borel construction. If W is a space acted on by the group G, we 
know perfectly well that the orbit space W/G may be rather complicated. The idea 
in the Borel construction is to try to get a reasonable substitute for this quotient. 
Make G act on EG x W by 

g- (e,x) = (g-e,g-x). 

This action is free, simply because it is free on the first factor. The quotient space 
Wg = EG Xq W is called the Borel construction on W. 

Remark VI. 1.9. In this way we have only defined the homotopy type of this space. 

Consider the two projection maps from the product EG x W : 

— the projection to EG 

EG xW ^ EG 

Wg >BG 

induces a fibration Wg BG with fiber W, 

- the projection EG W induces a map 

a : Wg > W/G. 

The latter is not a fibration in general, but we have nevertheless: 



Exercise VI. 2. 
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Proposition VI. 1,10, Let G be a compact Lie group acting freely on a space W. 
Then the map 

(T : > W/G 

is a fibration with contractible fibers, and in particular a homotopy equivalence. 

Proof Denote by [ ] the classes, either in EG XqW or in W/G. Let us investigate 
first the fibers of a in the general case. Let x ^W. The fiber of [x] is 

= {[e,y] e EG xqW\ proj[e,7/] = [x]} . 

Let us look for the classes [e, x] for e G EG. Of course, [e', x] ~ [e, x] if and only if 
there exists an element g ^ G such that e' = g • e and x = g • x, that is, such that 
g E Gx- Hence a~^{[x]) = EG/Gx^ which is a model for BGx- 

When the G-action is free, all the fibers are thus spaces EG, in particular 
they are contractible. The local triviality is a consequence of that of W — > W/G, 
that is, of the slice theorem. □ 

It is in this sense that one may say that Wq is the homotopy theoretical 
quotient of W : 

- this is a “good” quotient, 

- when the genuine quotient is “good” , it has the same homotopy type. 

On the contrary, if the G-action on W is trivial, then Wq = BG x W ; this 
is the case, for instance, when W is a point, in which case Wq = BG. 

VI.l.c. Equivariant cohomology. Let W be a topological space acted on by 
a group G. The equivariant cohomology of W is the cohomology of the Borel 
construction Wq- It is written Hq{W). 

There are as many possible theories as there are cohomology theories. Here 
we shall mainly use de Rham cohomology. That is to say that we shall assume W 
to be a smooth manifold, with a G-action which is smooth as well. Unfortunately, 
neither EG nor a fortiori Wq are manifolds, which causes some trouble: what 
could be a differentiable form on Wg? All the groups we shall be interested in 
are subgroups^"^) of some U(n) This allows us to use the infinite Stiefel manifold 
Un(C^) = of unitary fc- frames in (or any other union of mani- 

folds that would fit) as a model for EG. A differentiable form on such a space is 
simply a family of differentiable forms, that agree via the inclusions^^^ 

Remark VI.1.11, The reader may ask why we are doing such complicated things. A 
simpler way to define an “equivariant cohomology” would seem to be to consider 
the cohomology of G-invariant forms on W. Actually, when G is compact and 



Every compact Lie group can be embedded in some unitary group U(n) for n large enough. 
(^Tn general, we shall content ourselves with finite approximations of EG or Wq. 
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connected, this is nothing else than the usual de Rham cohomology of as 
Exercise VI.4 shows. This fake “equivariant cohomology” has nothing more to say 
than the cohomology of W. On the contrary, we have very good reasons to think 
that the cohomology of Wq says more: for example, if VT is a point, then Wq = BG 
and HQ{pt) = H^{BG), which is never zero. 

On the other hand, Hq{W), being the cohomology of a space Wg, is, in 
particular, a ring. It has even more structure: using the projection map 

W^G BG, 

it receives the structure of an i?Q (pt)-module. We shall mainly concentrate on this 
structure, which has a lot to say about the action. For instance if the action is 
free, Hq{W) = H'^{W/G) is a torsion ifQ(pt)-module. 

The first thing to understand is what kind of a ring i?G(pt) is. We limit 
ourselves to the case where G is a torus, and we begin of course with the case of 
the group G = S^. 

Theorem VL1.12. The cohomology ring H'*'{BS^) is a polynomial ring, on a gen- 
erator u of degree 2. 

Remark VL1.13. This is true over Z and therefore over any ring of coefficients, as 
will be the case for all statements in this chapter which are not given with more 
precision. 

We have said that the infinite complex projective space is a model for BS^. 
We only need to calculate its cohomology. This is deduced from the cohomology 
of the (finite) projective spaces. Recall the classical proposition: 

Proposition VLL14. The cohomology ring Z) is a truncated polynomial 

ring 7i[u]/u^^^ on a generator u of degree 2. The inclusion j : P^(C) C 
induces the obvious (truncation) map 

f : ZM/u^+2 > Z[u]/u^^\ 

The theorem follows easily from the proposition (the cohomology of a direct 
limit of spaces is the inverse limit of the cohomologies) . As a benefice to innocent 
readers, there is a proof of the proposition in § VI.4. Merely recall here that u is the 
Euler class of the complex line bundle 0(1), the canonical bundle over P^(C). 
Consider now a torus, written as a product of circles 

zzz X • • • X 

to derive: 



Corollary VL1.15. Let T be a torus of dimension m. Then H'^(BT) is a polynomial 
ring on m variables of degree 2. □ 
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Generators for de Rham cohomology. Using the previous results, we exhibit 
now “the” generator of if^(RS^;R). 

Consider the connection form a given in Example V.4.4 for the S^-principal 
bundle P’^“^(C). Its curvature form ry is a closed 2-form on P’^“^(C). 

This form is not exact, as it is, up to a scalar factor, the reduced symplectic form, 
precisely 

a 

for (Ja the reduced form obtained from the sphere of radius (see Exam- 
ple V.4.5). It thus represents a nonzero element in jy^(P’^”^(C);R). 

The cohomology classes defined are compatible via the inclusion maps 
Qn ^ SO that what we have actually defined is a nonzero element [ry] in 

i/2(5Si;R). We still have to compare it with tx, which is characterized by the 
fact that (li, [P^(C)]) = 1. Recall from Example V.4.5 and Exercise III.ll that 



/ (Ta = 27 ra, so that / rj = — 27 t. 

^pi(C) o/pi(C) 

Thus the cohomology class of -7y/27r coincides with u. 

Let us now consider the cohomology of BT. Once a basis (Vi, . . . ,Xm) of 
the kernel of the exponential in t = R’^ has been chosen, we get an isomorphism 

X ••• X 

a homotopy equivalence 

^ :BS^ X X BS^ ^ BT 



and a ring isomorphism 

:H^BT > H^BS^ 

(using de Rham cohomology). The torus T acts on (C’^)’^ by 
(U , . . . , ^ ZjYi) = (ti Z \ , . . . , tmZ/m) 

where Z{ G C’^. We can thus use the product of m copies of the unit sphere 
g2n-i X ... X as a finite approximation to On this product, we have m 

forms ai, . . . , am with ixjOn = and the isomorphism 

H^{BT) > e 

which sends (ui, . . . , Um) to the basis dual to (Xi, . . . , Xm)- It is easily checked 
that this isomorphism does not depend on the choice of the basis (Xi, . . . ,X^). 
Hence we can identify H^{BT] R) with U and the polynomial ring Rfyi, . . . , Um] 
becomes the algebra 5(U) of multilinear symmetric forms on t. 

Remark VLL16. The reader may find that this is not very elegant to 
— choose a basis, 
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- then use it to define an isomorphism 

- and then prove the latter does not depend on the basis. 

If this is the case, she or he should re-write this paragraph in a more intrinsic way. 



Euler classes for fixed point free T-actions. Using equivariant cohomology, 
let us define the Euler class for an S^-bundle or a T-bundle, thus generalizing the 
definition given in Chapter I. 

To begin with, we consider a free S ^-action on a space IT, and the quotient 
B of this action. We have seen (in Proposition VI. 1.10) that the natural map 

is an isomorphism. There exists thus a unique element in H^{B\ Z) that is mapped 
to —u. This is called the Euler class of the principal S^-bundle W B. Notice 
that this Euler class is natural, in the sense that, in a pull-back diagram 



W' >W 



of principal bundles, f^e = e'. Indeed, it is sufficient to use the diagram 



H*{B) 



Example VL1.17. The Euler class of the principal S ^-bundle ^ P’^(C) is 

—u (one can either use this example as an exercise or look for a proof in § VI.5). 
Notice that —u is the cohomology class of rj/27r, where ry is the curvature form for 
a connection on the principal bundle. 



The last property is fairly general, as the next proposition asserts. 

Proposition VLL18. Let n : P B be a principal -bundle. Let a be a connection 
form on P, with curvature rj. The cohomology class of the form r]/27r in H^{B] R) 
is the Euler class of the bundle. 



Proof Recall that, according to Remark V.4.6, the cohomology class of ry does not 
depend on the connection form rj comes from. We may thus choose any convenient 
connection form and prove the result for it. We know that there exists a “classifying 
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map” B P’^(C) for n large enough and a commutative diagram 

P ^ > S2«+l 

5-^P”(C). 

We pull back our old a and rj on the model bundle, so that is a connection 
form on P, the curvature of which is f^rj. This gives the result, by naturality of 
the Euler classes. □ 

There is a more precise statement in Exercise VL5. 

The definition of the Euler class can be extended to all fixed point free S^- 
actions by the very same method as in §I.3.d. Let W be a manifold acted on by 
and assume the action has no fixed points. Choose a common multiple n of 
all the orders of the exceptional orbit stabilizers and consider the quotient W' of 
W by the Z/n-action. It is endowed with an S^/{Z/n) = S^-action. Call p the 
projection map p :W W'. 

Although W' is rather an orbifold than a manifold, we may apply the previous 
definition to W' (as long as we are dealing with de Rham cohomology, there is no 
difficulty). Look at the diagram 

P" 

Hl{W) 

and at the Euler class e' of the principal -bundle W B. This is the unique 
element in H‘^{B) which satisfies a'^e' = —u'. Let us prove that, in fact, p^u' = nu. 
This is an assertion that may be checked at the classifying space level, where we 
must show that the map induced by the n-fold covering map 

p : 

is the multiplication by n in P^(PS^). But the induced map from PS^ onto itself 
is precisely the one which classifies the bundle 0(n) as will be shown in § VI.5. 

We thus have a unique class e G Bf^{B) (namely e'/n) such that a*e = —u. 
Notice that the result does not depend on n. We call it the Euler class of the S^- 

action on W. We still have to prove (having used the same name for two apparently 
different notions) that if dimW = 3, it is the same Euler class as in Chapter I. 
This will be done in § VI.5, which will be specially devoted to the study of these 
various Euler classes. 
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In the same way, dealing with a principal {resp. without singular orbits) torus 
T- act ion (dim T = m) on the manifold W with quotient 5, one can define an Euler 
class e G {resp. with coefficients in a ring containing the inverses of the 

orders of the stabilizers). If we do not insist on being intrinsic, this can be defined 
as the unique element e = (ei, . . . , Cm) ^ {H‘^{B))'^ such that 

o-^e = (-Ui, . . . , -Um) G H^{W). 

Using de Rham cohomology, e G H^{B‘^ R) 0 1 is the unique class such that, if we 
identify H‘^{BT) with U in the diagram 

we have cr*(e,0 = ^ (where (e,^) is the element of H‘^{B) we get using duality 
in t in an obvious way). 

For example, any regular level of the momentum mapping /i : VE ^ U of a 
Hamiltonian T- action on the manifold W (assumed to be symplectic!) defines an 
Euler class e in the cohomology of the symplectic reduced orbifold (see §111.2. f), 
at least with rational coefficients. 



VI.2. Hamiltonian actions and the Duistermaat-Heckman theorem 

VI.2. a. Relationship between equivariant cohomology and Hamiltonian 
actions. As we have already had the opportunity to mention, equivariant co- 
homology is a very convenient language in which to speak of Hamiltonian group 
actions. This is clear in the statement of the next easily proven proposition, in 
which 6 denotes a connection form on EG as constructed in Proposition V.4.3. 

Proposition VL2.L Let (VE, cj) be a symplectic manifold endowed with a symplectic 
action of the Lie group G. Let p : W ^ q* be any differentiable map. The formula 

= LU d{0^p) 

defines a closed 2-form on the Borel construction Wq if and only if the G-action 
is Hamiltonian with momentum mapping p. 

Notice that 0 (g) /i is a 1-form taking values in g (g) 0^, and may be contracted 
to give a 1-form taking values in R, which we denote (0,/i). 

Proof Assume the G-action on IE is Hamiltonian and that p is its momentum 
mapping. Consider the 2-form ch = cj d{6, p) on EG x W. It is G-invariant by 
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definition. Moreover, we have, for all X in fl, 

ix(^ = ixUJ + ixd(0, fi) 

= ixuj - dix{0, /i) 

= ixuo - d{ixO, /x) 

= ixu - d{X, fi) 

= ix_u — d]lx = 0. 

Hence u satisfies 

C 2 ^u = 0 and ixS = 0. 

Moreover, this form is obviously closed. It thus comes from a closed 2-form on 
the Borel construction Wq- 

Conversely, consider again the pull back uj on EG x W. The same computation 
gives, for X G g, 

= ix_(^ + i2C_{0, /x). 

Using Cartan’s formula, we get 

i2£(j0 = ixyj + (adx ^5 m) + (^? ^ • m) ~ d{X, jj) 

Now, X is a fundamental vector field, so that 

(0, X • /x) = (0, ad^^ /x) and (adx 0, jj) = -{6, ad^ /i). □ 



VI.2.b. Variation of the reduced symplectic forms. Consider now a torus T 
acting on a symplectic manifold {W,u) with momentum mapping fiiW U. Let 
^ be a regular value of /x. We consider, as usual, the two maps 

T. k 

^ w 



namely the inclusion 

k 'V^cw 

of the corresponding level and the quotient map 

^ B^. 

As the map is T-equivariant, it induces a map 1 Xt 

1 Xt 

ET XT ET XT W 
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(the vertical map is, since T acts freely on the homotopy equivalence induced 
by the fibration we slightly abuse notation and call it a^). The form 

= (1 

is the unique closed form on ET Xt which can be lifted to ET x as 
j^u) + {dO,^), since we have 

= uj d{6,fi) 

= a; + (d0,/i) - {0,dfi), 

and, by the definition of 

(1 X j^yj =j^u + {d0,^). 

From this, we deduce immediately the inverse image of the class [o;|] by the mor- 
phism 

As j^u) gives the reduced symplectic form and dO the Euler class of the T-bundle 
we have 

(<T5*)-‘(a.;i = [^sl + (e,0. 

Let now i/ be a convex open subset of t"*", all the points of which are regular values 
of /i, so that the T-action on the open subset id~^{U) of W has no singular orbit. 
Consider then, for ^ G W, the diagram of quotients and inclusions 









O’ 






H 






and its (equivariant) cohomological analogue 



a* 

H\B^) i H\^-\U)IT) 

h 

where all the maps are isomorphisms (j^ is a homotopy equivalence, because this 
is the inclusion of a fiber over the contractible space U). 

We consider [o;^] as an element of by restriction. There is thus 

a unique (that is, independent of ^ G W) class 

a; = (a^)“Mu;^] G 
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the image of which by is [o;^]. Hence, from the relation above, we deduce: 

Proposition VL2.2. Let U be a convex open subset of V" consisting of regular values 
of the momentum mapping p :W V". There exists a class x in H‘^{p~^{U)/T) 
such that 

G W, i^x = [a;^] + (e, 0 ^ 

where is the reduced symplectic form at the level ^ and e is the Euler class of 
any of the T -bundles □ 

Fixing an element in U, we get an equivariant isomorphism p~^{U) = 
U X and, passing to quotients, a way to identify each with 

and thus a way to compare the various classes [uj^]. As a corollary, this gives the 
famous Duistermaat-Heckman theorem. 



Theorem VL2.3 (Duistermaat and Heckman [44]). Let U be a convex open subset 
of consisting of regular values of the momentum mapping p : W ^ t*. For 

K] - No] = □ 

Remark VL2.4. The sign in this statement comes from the orientation conventions 
in Chapter I where we managed to get —1 as Euler class for the Hopf bundle. 



Example VL2.5. Consider for example the case of a circle action on a 4-manifold. 
All the reduced regular levels are smooth surfaces — the same smooth surface — 
on which the symplectic form is characterized by its integral, the volume of the 
reduced space. The theorem asserts that the function 

1 1 ^ YolBt 

is piecewise linear, more precisely that it is linear (affine) over each component of 
the set of regular values, the slope being the opposite of the Euler class. Consider 
for instance the S^-action on P^(C) by 

u^[x,y,z] = [ux,y,z], 



associated with the Hamiltonian 



H{[x,y,z]) = - 



2(a;| +|t/| +\z 



| 2 - 



The fixed points are the projective line x = 0, the minimum of H, and the point 
[1,0,0], its maximum. The regular values are all the points of ]0, ^[. The reduced 
regular levels are all 2-spheres. 

Figure 1 shows the graph of this volume function. The slope is —1, according 
to the fact that the Euler class of the bundle V* 5* is +1. This is not by pure 
chance that this looks very much like one of the triangles shown in Figure 2 of 
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Chapter IV, which triangles represented the image of the momentum mapping for 
the standard T^-action. 

VI.2.C. Duistermaat-Heckman with singularities. In this section, we de- 
scribe a construction, independently due to Brion and Procesi [29] on the one 
hand and to Guillemin and Sternberg [64] on the other, and which generalizes the 
previous remarks. 

For the sake of simplicity, we shall assume throughout that all actions are 
semi-free (see nevertheless Remarks VI.2. 7). We recall first a useful operation, 
already met in Exercise III. 19. 

Blowing up 0 in C^. Consider the space one gets by replacing, in the point 0 
by the set of all straight lines through it. In other words consider 

& = {{vj) \vei}cC^x P^-^C). 

From the viewpoint of the projection on P’^“^(C), this can be considered as the 





Figure 2. Blowing up a point 
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total space of the tautological line bundle over ^(C), but we will rather look 
at it from the viewpoint of its projection onto 

7T : 

(v,£) I V. 

If V 0, the fiber 7T~^(v) contains only one point: the nonzero vector v defines 
a unique line. But, if = 0, there is a whole P^”^(C) above it. It is called the 
exceptional divisor^^\ 

The space is a complex manifold: it may be described by the algebraic 
equation 

[di, • • • ,ttn]) I aiXj - ajXi = 0 for all ij} . 

It is also easy to find local coordinates for it: 

- If ttn ^ 0, put 2/z = — , then 

Qn , C X P^-l(C) 

(yi,...,yn-i,x)) I > ((xyi,...,x?/n-i,^),[yi,...,2/n-i,l]) 

is a diffeomorphism onto its image. 

- One would write just as easily local coordinates on the other affine charts 

CH 0 . 

As a complex submanifold, the blown-up has symplectic forms, induced by 
those of X P’^“^(C). As we have seen in Exercise III.19 (see also Exercise VI.7), 
it is even possible to construct symplectic forms inducing the standard form of 
outside any given disc centered at 0. This allows us, via Darboux, to blow up 
any point in any symplectic manifold and to obtain new symplectic manifolds (see 
more generally [102]). 

Here is now another way to describe the blow up (see also Exercise III. 19). 
Consider, on IT = C x C^, the S^-action 

(x,i/i,...,yn) = {ux,uyi,...,uyn). 

Choose the Hamiltonian 

H = ^ {\x\^ - \yif \yn\^) 

SO that 0 is a critical point and 0 the corresponding critical value. Let e be a 
positive real number. Let us look at the regular levels: 

and = H-\e). 



Divisor simply means complex codimension 1 here. 
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They are respectively diffeomorphic to ^ x C and to x The quotients 
by the S^-action are diffeomorphic, respectively, to 

^ and ^ C^. 

Remark VL2.6. This endows with various reduced symplectic forms (as noticed 
in Exercise III. 19). I will come back to this in § VI.4.b. 

Crossing a critical value, simple situation. Let be a periodic Hamilto- 
nian on a symplectic manifold W . We consider a critical submanifold Z oi H with 
signature (2, 2p). We study the situation in a neighborhood of the critical subman- 




ifold, so that, using an invariant metric, we can assume that, transversally to Z, 
W = CxCP with 



U’ (x,^i,...,yp) = {ux,uyi,...,uyj,) 

and 

H = \(\x\^-\y,\^ |y/). 

The gradient flow is given by 



^Pt{x,yi,...,yp) = {e^x,e *yp). 



The situation, transversally to Z, is described in Figure 3, where the gradient flow 
is indicated as well. Consider the map 



7T : C X - 
{x,yi,...,yp) H 



■> CP 

{xyi,...,xyp). 
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Restricted to a level of this descends to the quotient 







Notice that, for t > 0, on the level t, we have 

1^1 = + 

SO that the map H~^{t)/S^ can be considered as the quotient map (and the 

quotient is C^). On the other hand, for t < 0, the level is diffeomorphic 

with C X and the quotient space H~^{t)/S^ is the blow up of at 0, 

in other words the total space of the tautological bundle 0(-l) over the quotient 
pp-i(C) of The map H~^{t)/S^ contracts the projective space 

[ 2 / 1 , • • • , Up] 3-nd is precisely the blow up. 

In other words, the surgery upstairs (from negative to positive levels) corre- 
sponds downstairs to the blow up of a point (transversally to Z). 

Remarks VL2. 7 

(1) A straightforward computation shows that at the —e level, the reduced 
symplectic form integrates to e on the generator of the second cohomology 
group of the exceptional divisor. We thus see, using the Hamiltonian H, 
a (real) 1-parameter family of symplectic manifolds which, for negative 
values of the parameter e are C^’s such that the volume of their exceptional 
divisor decreases to 0 as e 0. For nonnegative values of the parameter 
the exceptional divisor has disappeared and the symplectic manifolds are 
C^’s. 

(2) Once we accept working with orbifolds as quotients, there is no essential 
difference with non semi-free actions. . . in particular with actions of the 
form 

u-{x,yi,...,yp) = (ux,u^yi,...,u^yp), 
which will appear in the following, even after having started with semi-free 
actions. 

(3) We will come back to this situation in the simple case where p = 1, on a 
symplectic manifold of dimension 4, a case where blowing up a point does 
not change the topology, in § VIII.l. 

The general case. We consider now a critical submanifold Z of signature (2p, 2q). 
Transversally to Z we can assume as before that W = Z = {0}, and 

u-{yi,...,yp,zi,...,Zq) = {uyi,...,uyp,uzi,...,uzq) 
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and the trick is to blow up W along Z in order to mimic the previous simple 
situation. We thus look at 

CP+« = {{[r],C],y,z) I (y,z) G 

(here [r/, (] is a line in while {y,z) is a vector in the same This is 

endowed with the S ^-action extended linearly as usual: 

= {[urj,uC],uy,uz) . 

The fixed “point” Z = 0 becomes two fixed submanifolds included in the excep- 
tional divisor y = z = 0: 

- a projective space P^“^(C), that of equation y = 0, 

- and a P^~^(C), of equation C = 0. 

Note that all points of the exceptional divisor now have a Z/2 as stabilizer. 

Let i/ be a Hamiltonian for the S^action (with respect to some invariant 
symplectic form on the blown up manifold). Look now at the normal bundles 
and indices of critical submanifolds. The projective space P^“^(C) embeds in 
pp+9-i^Cj ^ith normal bundle the sum of p copies of the line bundle 0(1). The 
latter is in turn a submanifold of with normal bundle 0(-l). The situation 
for 

P^"^(C) c P^+^“^(C) c 

is quite similar. 

What we want to understand is what happens when the critical value, 0, say, 
is crossed. Let us call F_, respectively, regular levels just before 0, just after 0, 
the 0-level itself being denoted by Vq. Let us denote B_, jB+, Bo, the corresponding 
quotients. In the blown-up manifold, let V' be a regular level between the two (new) 
critical submanifolds. 

Figure 4 shows, schematically (it is not that easy to draw a blow up in two 
dimensions), the situation: we have split our critical value in two. The new critical 
submanifolds are joined by an “exceptional divisor” E. A better picture could be 
that in Figure 5. 

Following the gradient or minus the gradient we get a diagram 

B' 



B- 

as in [ 29 ] where B' was defined as a fiber product, a definition which could seem 
rather artificial from the topological viewpoint (if not from the algebraic one). 
Recall that Vo was a critical level, thus Bq is not smooth in general. 
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Figure 4 




E 




/ 




A 


\ 











Figure 5 

Let us now describe more precisely the topology of V' and B' and the map 
B' —> Bq. The regular level V' = meets the exceptional divisor 

along the submanifold of equation 

This submanifold of is the quotient of x C by 

the diagonal S^-action. Being the common boundary of tubular neighborhoods 
of P^“^(C) and P^“^(C) in P^'^^~^(C), this is a sphere bundle over P^“^(C), 
precisely 

5(p0(-l)) 

as well as over P^”^(C), this time 



5(g0(-l)) .PP-I(C). 

Look now at quotients: to construct B', we have removed the singular point and 
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replaced it with V n E/S^ {E is the exceptional divisor). This is the same as the 
quotient of the sphere bundle 

S{pO{l)) 

by the equivalence relation 

[??,C] ~ [tr],iC] ~ [t\C]. 

Thus, this is nothing other than the projectivized bundle 

P(pO(l)) 

Of course the projectivized bundle is trivial and the quotient is a P^“^(C) x 
P^-i(C). 

Remark VL2.8. If q (or p) equals 1, we get the blowing up of a point (or a smooth 
submanifold) of Bq which in this case is smooth as we have already remarked. In 
general the map B' Bq is a, blow up in the algebraic sense. 



Application: the Duistermaat-Heckman problem at critical values. We 

are thus looking for a diagram like 



B' 




— 

U 

P9-1(C) 



^B+D PP-I(C) 



Bq 



In the Duistermaat-Heckman Theorem VI. 2. 3, all the regular quotients of 
H~^{±e) were identified with the same manifold B± and this allowed us to 
compare the classes 



[a,] e H^{B+), [a_e] G H^{B.) 

and to prove that in each case, staying in the same component of the set of regular 
values, [a^] was an affine function of Our diagram will be used to compare [cr^] 
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and [cr_e] even if 0 is a critical value. Let us look at the diagram we get by taking 
cohomology: 

cr'^ 

H^{B-) 

which enables us to compare the classes of the reduced symplectic forms in H‘^{B'). 
Recall (see Proposition VL4.5 below) that the two maps and a_ induce inclu- 
sions at the i/^-level. Using the reduced symplectic forms at at levels t > 0, t < 0 
and these inclusions, we consider the curve 

1 1 > [at] - [a't] 

defined, for all t > 0, as follows: 

- [at] is the class of the reduced symplectic form at level t considered as an 
element in H‘^{B') via the inclusion. 

- [at] for t < 0, being an affine function of t, is easy to extend as an affine 
function for all t, [a[] denotes its value for the positive values of t (once 
again the inclusion is omitted). 

Theorem VI.2.9 (Brion and Procesi [29]). The curve 1 1 -^ [at] — [a[] is a half-line, 
directed by the class of the exceptional divisor of the map B' Bq. 

Proof The exceptional divisor of the map B' Bq is the sum of the two excep- 
tional divisors of B' B±. Since everything is affine it is thus sufficient to prove 
the theorem in the “simple” case where it is an obvious consequence of the remark 
on reduced symplectic forms in § VI.2.C. □ 

Example VI.2.10. Assume the symplectic manifold has dimension 4, so that the 
reduced levels B- and B^ are surfaces. To blow up a point in a surface does not 
change its topology. It is thus possible to compare a^ and a-s just by looking at 
the function 




Jb 



Over each component of the regular set, the graph is a straight line (with an 
integral slope in the semi- free case we are considering). When crossing the critical 
level Vq, the slope will decrease by 1. In this situation, the change in the topology 
is trivial, but it is not at the level of reduced symplectic forms, the blow up reflects 
in the change of the slope. 
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Remark VL2.1L As noticed by Guillemin and Sternberg in [64], everything we 
did, we could have done in an equivariant way for any group action which com- 
mutes with the -action. Consider for instance a Hamiltonian torus action with 
momentum mapping fx .W ^ V" and try to compare the reduced symplectic forms 
when crossing a codimension- 1 wall between two polyhedra of regular values of ji. 
It is sufficient to be able to cross it orthogonally and thus to consider a x 
situation which can be studied as before. This is why a result like Theorem VI. 2. 9 
is called a “wall crossing formula” . 



VI.3. Localization at fixed points and the Duistermaat-Heckman 
formula 



Vl.S.a. The support of an if^BT-module. As usual, we use de Rham coho- 
mology. Having chosen a basis of the Lie algebra t of a torus T, we can identify 

JT"BT^5(V)^R[ui,...,Un] 

(the last isomorphism depending on the choice of the basis). In particular, this 
will allow us to consider elements of H^BT as functions on t or as polynomials 
in (ui, . . . ,Un)- For any / G H^BT = *S(V), let Vf be the subset of zeros of the 
polynomial / 

Vf = {Xei\f{X) = 0}. 

Let M be an if^HT-module. Its support is defined as the intersection 

SuppM= Pi VfCt. 

{f\f-M=0} 



Examples VI. 3.1 

(1) The module {0} has empty support. 

(2) Let M be a free module. If / annihilates M, then / is zero and Vf is t, 
so that Supp M = i. Hence the modules having a proper support do have 
torsion. 

(3) If T = S^, the ring H^BT is a ring of polynomials in one variable, hence a 
principal ideal domain. If / is a generator of the ideal annihilating M, then 
SuppM consists of the zeros of /. In this example, one can imagine why it 
is often more convenient to use complex coefficients. It suffices for that to 
replace H^BT by H^BT C = H^{BT; C) and t by t (8) C. Thus, when 
M does have torsion, there is a (proper) support. We shall see that in the 
Hamiltonian case there is no problem and we can “stay real” : the supports 
we shall have to consider will be unions of vector subspaces. 

Lemma VI.3.2. If M' — - — > M — - — > M" is an exact sequence of H^BT- 
modules, then SuppM C SuppM' U SuppM". 
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Proof, Put S = SuppM, S' = SuppM' and S" = SuppM". Let x ^ S' U S", 
Then, as x 0 S", there exists a polynomial / such that f{x) ^ 0 and / • M' = 0. 
For the same reasons, there exists a polynomial g annihilating M" but not x. But 

b{g-M)=g^ b{M) Cg-M" = 0. 



Thus 

g^M C a{M') and / • • M) C a(/ • M') = 0, 

hence 

{fg) • M = 0, f{x)g{x) ^ 0, and so x 0 5. □ 



The next two results are proved similarly. 



Lemma VL3.3. Let M and M' be H* BT-algebras with units. Let a : M' ^ M be 
a morphism of algebras. Then SuppM C SuppM'. 



Proof If X 0 SuppM', there is a polynomial / annihilating M' but not x. The 
unit 1m' is killed by /, 

O'if • 1 m ') = / • 1 m = 0 

so that / kills M and x 0 SuppM. □ 



Proposition VL3.4. If 0 M' M M" is an exact sequence of H^BT- 
modules, then Supp M = Supp M' U Supp M". □ 



Supports of LT^(ZY), examples. We begin to investigate now the structure of 
H* BT-mod\ile of the equivariant cohomology of T-manifolds. 

Lemma VI.3.5. Let B be a closed subgroup of the torus T. Then 

Suppff^,(T/H) = 1) C t. 

Proof We first notice that 

ET XT T/H - ET/E - BE. 

We deduce that H^{T/E) is simply H^BE with the H^BT-modnle structure 
given by the restriction 

H^BT ^ H^BE. 

On the other hand, H is a closed subgroup of the torus T, and so, up to the fact 
that it might not be connected, this is a torus. More precisely, this is the product 
of a torus Ho by some finite group that de Rham cohomology will not even notice 
and hence we can suppose that H is a torus. 

The structure of BE as an module is rather easy to understand. 

The inclusion of the Lie algebra 

i : ^ t 
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induces the restriction of polynomials 

S{H) : S{e) > 5(r). 

The torsion elements of are thus all the polynomials on t the restriction to 

f} of which vanishes. Thus 

Suppff^(T/H)= n = ° 

/U=0 

Corollary VI.3.6. Let V be a T -manifold. Assume there exists an equivariant map 
V T/H. Then SnppH^{V) C f). 

Proof The induced map 

r : i^T(T/H) > H^{V) 

is a ring morphism. Applying Lemma VI.3. 3, we find that 

Suppi/^(T/H) D Supp//^,(V). □ 

This corollary may be applied in particular when V is an equivariant tubular 
neighborhood of any orbit of the smooth T-action on a manifold W (thanks to 
the slice theorem) and gives: 

Corollary VL3.7. Let V be an equivariant tubular neighborhood of an orbit of 
type (H) in the T-manifold W. Then SuppLT,^(V') C f). □ 

In the same way, we have also: 

Corollary VL3.8. Assume T acts freely on W. Then SuppLfT(lV) =0. □ 

Considering now the union of all orbits in W the stabilizer of which is a 
proper subgroup of T, that is, the complement of the fixed point set F, we are 
going to prove: 

Proposition VL3.9. Let F be the fixed point set of a T-action on a compact mani- 
fold W. Then 

Smpp H^{W - F) C IJf) 

H 

where H describes the (finite) set of all the (proper) stabilizers of points in W. 

Remark VL3.10, In particular, this support is a proper subspace of t, contained in 
a finite union of vector subspaces, thus IL^{W - F) is a torsion F^FT-module. 

Proof of the proposition. The space W — F has the same (equivariant) homotopy 
type as the complement of a small equivariant neighborhood of F. The comple- 
ment may be covered by open subsets ZYi , . . . , which are equivariant tubular 
neighborhoods of orbits, with proper subgroups of T as stabilizers. 
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We may apply Corollary VI.3.7 to each U{. This allows us to prove, by in- 
duction on /i, that: 

SnppH^{Ui U • • 'UUh) C f)i U • • • U [)h. 

We start the induction by applying Corollary VI.3.7 to Ui. Suppose then the result 
to hold up to order /i, put 

Vh =UiU - 'UUh and thus Vh-\-i = U Uh-\-i. 

We have 

h 

SuppF^,(Vh) C U 

i=l 

(this is the induction hypothesis). Hence we can use the Mayer-Vietoris exact 
sequence; 

H^iVhnUh^i) > . H^{Vh)®H^{Uh+i) 

M' > M > M" 

in which 

— the intersection Vh^Uh-\-i C Uh+i is endowed with an equi variant map onto 
the central orbit of in such a way that SuppM' C 

- we have the inclusion 

h 

SuppM" = SuppH^{Vh) U SuppH^{Uh+i) = |J U 

i=l 

by Proposition VI.3.4. 

This gives the result for Supp V/^+i . For Supp M it follows from Lemma VI.3.2. □ 

VI. 3. b. The localization theorem. Our goal in this investigation is to prove 
rather precise versions of the fact that, forgetting torsion, the H^BT-moduie 
H^{W) looks very much like the free H* BT-mod\ile H^{F). 

Theorem VL3.1L Let i : F ^ W be the inclusion of fixed points of the action of 
a torus T on a manifold W. Then the supports of both the kernel and cokernel of 

i^ : H^{W) ^ H^{F) 

are included in Uh stabilizer *)• 

Proof. Let U be an equivariant tubular neighborhood of the fixed point set F. We 
know that 

Supp H^{W-U) c U f) 

H^T 
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and that the same is true of Supp H^{d{W - U)). Using the long (equivariant) 
cohomology exact sequence of the pair {W - U,d{W - U)), the same is true for 
the support of H^{W — U, d{W - U)). 

Let V be another equivariant tubular neighborhood, a little larger than W, 
such that V — U ^ d{W —U) = dU. We have isomorphisms: 

H^{W, F) ^ h;^{w, V) v-u)^h^{w-u, d(w-u)). 



In particular, 



Suppi/*(W,F)CU[}. 



The exact cohomology sequence of the pair (W, F) 
H^{W,F) . H^{W) H^i,{F) 



allows us to conclude. 



H^{W,F) 



□ 



The rank of the H^BT-mod\ile H^{W) is thus the same as the rank of the 
free module H^{F). It is possible to give an even more precise statement, using the 
notion of localization. If / G H^BT is a nonzero element, consider the localized 
subring {H'^BT)f of the ring of fractions H^BT, consisting of all the fractions 
which have a power of / as denominator. In the same way, for any module M, 
consider the localized (H'^BT ) /-module 

Mf = M ^h*bt 

obtained by extension of scalars. 

Let f he a polynomial which vanishes on all the f)’s. Consider the induced 
morphism 

i* ■■ mW))f > {H^{F))f. 

This is an isomorphism because of the next lemma. 

Lemma VL3.12. Assume 

M' M M" 

is an exact sequence of modules. Then the sequence 

M'f — Mf — ^ M}' 

is exact. 



In other words, the (BT)-module (H'^BT)f is fiat. 

Proof We have b' o a' = 0 since boa = 0. Hence 

Ima' C Ker6'. 
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Reciprocally, let x G Kerb'. By the definition of M/, we can find an integer m 
such that f'^x G M and as we have h'{x) = 0, b{f'^x) = f^b'{x) = 0 so that 
f'^x G Kerb = Ima. We can thus write f^x = a{y) and 



X = 



o-iy) 



= a' ( ) G Im a' 



□ 



According to the lemma, the kernel and the cokernel of the (localized) mor- 
phism are the localizations of the kernel N and the cokernel C. On the other 
hand, we know that 

Supp N cVf and Supp C cVf 

by the definition of /. Thus Nf and Cf are zero and is actually an isomorphism. 

Because of the adjunction formula (Proposition VI.4.6 below) relating and 
the Gysin morphism i*, 

= ct(i^), 

we suspect that u is more or less the inverse isomorphism, up to the inversion of 
some Euler classes. This is what we shall make precise now. Let us begin with two 
properties of analogous to Theorem VI. 3. 11 for 



Proposition VI.3.13, The kernel and cokernel of 

U : H^{F) > H^{W) 

both have support in the union Uf) of the Lie algebras of the stabilizers ^ T of 
points ofW. 



Proof We just have to consider the cohomology exact sequence of the pair 
(W,W-F), 

H^{W - F) > W-F) ^ H^{W) ^ H^{W - F) 




H^{F) 



and to deduce the result from the previous lemmas. □ 



Let us now invert Euler classes. Any polynomial / vanishing on the support 
is suitable to define a localization. We are going to construct a minimal such /. 

Let Z be a component of the fixed point set F of the T- action on W. Consider 
its equivariant Euler class erii^z) ^ ^t(^) (see §VI.4.b). As the T-action on Z 
is trivial, H^{Z) = H'^{Z) <S> H^BT and we may decompose 

eriuz) = e H*{Z) ® WBT 
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where the lower index denotes the degree of the cohomology class under consider- 
ation, and 2m is the codimension of the submanifold Z in W. 

Of course, all the elements of positive degree in H^{Z) are nilpotent, so that 
we have: 

Lemma VL3.14. The Euler class, erii'z) is invertible in H^^{Z) if and only if its 
component Hm H^{Z) H‘^'^{BT) is invertible. □ 

Let z e Z he fixed point. The sum ^ may be interpreted as the 

restriction of eriyz) in = H^{z). Let us compute this restriction. 

Write 

T zW = T zZ 0 Z/i 0 • • • 0 Ljyi 

where T acts on Li by the morphism : T ^ S^. Also denote by : t R the 
linear form which is the derivative of q;^ at 1. Then the restriction of erii'z) is (up 
to sign) the product of the linear forms ai (considered as a polynomial on 

Remark VL3.15. It is clear that the kernel of ai is one of the f)’s in the support of 
— F). Indeed, the subgroup H = Kera^ C T fixes vectors in the complex 
subspace Li, but the T- action on Li is nothing other than the derivative at 2 : of 
that on W. 

Let us put fz = Ylcii (this is erii'z) for some z in Z) and / = Dzcf 
T hen all the classes ct{i'z) are invertible in {H^{F))f and the map 

o=Y^ - 

^ ^ er(Fz) 

(where each iz is the inclusion of the component Z) defines a homomorphism 

Q : m{W))f . {H^{F))f 

inverse to In other words, we have proved: 

Theorem (Localization at fixed points). If x ^ in a suitable local- 

ization, 

Y- i^iz^ □ 

Remark VL3.17. Actually, in the Hamiltonian case, using a well chosen projection 
of the momentum mapping and the ideas of [51], one shows that the BT-modnle 
Hi^W is the free module generated hj H^W. The restriction to the fiber 

H^W > H^W 



(^^This is the definition of equivariant Euler classes, see § VI.4.b. 
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is surjective, while the restriction to the fixed points 

e : H^W ^ H^F 



is injective. 



VI.3.C. The Duistermaat-Heckman formula. 



Theorem VL3.I8 (Duistermaat and Heckman [44]). Let (W,uj) be a compact sym- 
plectic manifold of dimension 2n and let H be a periodic Hamiltonian on W with 
only isolated fixed points. Then 




E 

Z€F 



q-uH{Z) 

esi(j^z) 



Remarks VL3.19 

- It is not absolutely necessary to assume that the fixed points are isolated. 
There is a more general statement in [44]. 

- Similarly, it is not necessary to consider only circle actions, analogous results 
hold with higher dimensional tori. 

- The formula must be read as an equality of formal series in the variables u 
and u~^. We shall come back to this remark later on. 



Proof of the theorem. As is a periodic Hamiltonian, we know that the symplec- 
tic form u may be “extended” to Ws^ (according to Proposition VI.2.1) as a closed 
2- form (juK Consider the latter and all its powers. In order to deal with all of them 
at the same time, we use formally a = exp[o;^] as if this was an element of (W). 
Apply first the localization Theorem VI.3.16 to get: 

E i^PyOL 

Then “integrate in the fibers” (see §VI.4.c) of the fibration tt : Wsi — > in 

other words apply tt*. The right-hand side becomes 

J^esi(Fz)’ 

as 7 Ti,i^ = 1, according to § VI.4.C applied to the section 

BS^ = ES^ xgi ^ > ES^ xgi W = Wsi. 

We therefore calculate = expi^uiK The “form” is the projection of 

w + d{eH), 

so that is the projection of 

i%{to + deH-eAdH). 
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As Z is a point, this is simply the projection of d6H{Z)^ that is —uH{Z). Our 
right-hand side is thus 



E 

zeF 

Let us look now at the left-hand side: 



esi(^'z) ' 



TT^a = 7T^ expcj^ 



We thus have to consider 



exp(o; + d6H-eA dH) on x W, 



to integrate over W and to project. During the integration process over W, all the 
terms in the exponential of degree different from 2n vanish. There remains only 
/n\ and other terms which are all exact forms, as for instance / {2n)\. 

Being exact, they all integrate to zero. The form dO still projects onto —u. The 
left-hand side of our relation is thus 




-Hu 



An 



(jO 



n\ 



as we have announced it. 



□ 



Image of the symplectic measure. Replacing the formal variable u by it and 
taking Fourier transforms gives another formulation of Theorem VI.3. 18: 

Corollary VL3.20. The density with respect to the Lebesgue measure of the direct 
image measure, under the momentum mapping p : W ^ V" , of the symplectic 
measure, is a piecewise polynomial function. □ 

Notice that we have only proved it for a 1-dimensional torus, but this makes 
no essential difference. 

The stationary phase method. This is a method to compute, approximately, 
integrals of the form 

I{u,t) = j e'^^'^^^^'^^a{x,u,t)dx 

which arise, for instance, in geometrical optics. The first term in an asymptotic 
expansion depends only on the behaviour of the function (p (the phase) near its 
critical (stationary) points. See [41]. 

In the case we are considering, namely that of 
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for a periodic Hamiltonian, the phase H is stationary at the fixed points of the 
circle action and the result consists in only one term 

\ 27 ry ^pi^esi{uz) 

(notice that t appears with the exponent n at the denominator as well). This is 
why the Duistermaat-Heckman formula is often qualified as an exact stationary 
phase formula. 

VI.3.d. Examples of applications. The aim of this paragraph is to make 
Theorem VI.3.18 talk. The left-hand side of the formula is a formal series in u, 
but not a priori its right-hand side: if acts near the fixed point Z by 

u-{zi,...,Zn) = 



then 

ibai • = esi(z^z) 

appears in the denominator. The Duistermaat-Heckman formula implies therefore 
that certain elements must vanish. 

Here are some examples of these cancellations. Assume for simplicity that H 
is the Hamiltonian of a semi-free action, that is, that = ±1 for all i. Let \{Z) 
be the number of minus signs (so that the index of Z as a critical point of H is 
2A(Z)). The formula is then: 

n! u'^ ^ 
zeF 

Put = 0” in this formula. 

(1) The case where n = l. This gives 





1 

u 



.ZGmin 



ZGmax 



u=0 



In other words, we have 



Vol W = iJ(max) - F(min) 

as we know (from Theorem IV.3.1) that there are only one local minimum 
and one local maximum (see Figure 7). Our symplectic manifold is a sphere, 
its symplectic volume is the length of the segment image of the Hamiltonian 
(or momentum mapping). This is no surprise. 
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(2) The case where n = 2. Our symplectic manifold has now dimension 4. Let 
pi be the number of critical points of index 2i and let Fi be the set of such 
points. Our formula gives 




Po- piF p2-u 



\Z6Fo ZeFi Z6F2 / 



+T E - E + E 

VzgFq ZGjPi ZG-F2 






The terms in the brackets give 

- In degree 0, po - + P 2 = 0 but we know that po = P 2 = 1 and thus 

there are exactly two index-2 points. Call them a and b. 

- In degree 1, iL(min) — {H{a) -h H{b)) -h iL(max) = 0, in other words 
the two intervals [min, max] and [a, b] have the same middle. We have 
already discussed these properties when we proved Theorem VI. 2. 3. 
We will come back to them in §VIII.l.c. In the meantime, look at 
Figure 8. Of course, with slopes 1 and -1, the middles of the segments 
must be the same. 

- The degree-2 term computes the volume: 



Yo\W=^ [/f(min)2 - {H{af + H{bf) + H{ma.xf] . 



This is the surface of the trapezium in Figure 8! In other words this 
is the integral of the volume function t 1 -^ Vol^^. Actually in this 
case, using the methods of Chapter VIII, we shall see that W = 
X S^, and that the S^-action extends to a T^-action. . . of course 
the trapezium is related with the image of the momentum mapping. 

(3) The case where n = 3. With the same notation, and the same hypotheses, 
the same method gives for example 



Po — Pi + p2 — P3 = 0- 
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a b 




This, added to the fact that gives pi = p 2 . More generally, 

notice we always have pi = pn-i in dimension 2n when the fixed points are 
isolated: this is Poincare duality, as if is a “perfect” Morse function and so 
Pk = dim 

Remark VL3.21. In dimension 6 (n = 3) and with the hypotheses above, it can 
be shown that pi = P 2 = 3. . . using essentially the same method, a localization 
formula near fixed points analogous to Theorem VL3.16, but in equivariant K- 
theory. In some sense, this is even easier: the group Kt{W) is defined (starting 
with T- vector bundles over W) much more simply than H^{W) for which we had 
to use classifying spaces and the Borel construction. 

The functor “equivariant K- theory” Kt has properties analogous to that of 
the “equivariant cohomology” which allows us to prove a localization theorem. 
Prom this theorem, Hattori remarked in [67] that it was possible to deduce, among 
other things, with our hypotheses (periodic Hamiltonian, isolated critical points, 
semi- free action) that pi = (^). For n = 2, we have already explained this several 
times. For n = 3, remark that the method, even if analogous, is nevertheless more 
powerful, as we are not able to deduce pi = p 2 = ^ from Theorem VI. 3. 16 or 
Theorem VI.3.18. It is also with the help of the localization formula in equivariant 
K-theory, for Hamiltonian torus actions on toric varieties (see Chapter VII) that 
Brion gave very elegant proofs of some results about convex polyhedra (see [28]). 
The localization formula has many applications. There are also “non- Abelian” 
localization formulas (for other groups than the torus), due to Lisa Jeffrey and 
Frances Kirwan, see [73, 74, 75] with applications to the cohomology of symplectic 
quotients and in particular to that of moduli spaces. 



VI.4. Appendix: some algebraic topology 

We give here some hints of proofs and references for the main notions of algebraic 
topology used in this chapter. There are a lot of good books. We have already 
mentioned [69] when we have used it at the beginning of the chapter. I like very 
much and used a lot the one by Milnor [109] especially for this appendix. 
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VI.4.a. The Thom class of an oriented vector bundle. Let E ^ B he an 

oriented (for example, complex) vector bundle of (real) rank n. Denote Eq the 
complement of the zero section in E, F a. fiber and Fq the intersection F D Eq. 
The fiber F is the vector space and we have 

H^{F, Fo; Z) = F^(R^, R^ - {0}; Z) ^ - {0}; Z) ^ Z) ^ Z 

so that the chosen orientation (which specifies the last isomorphism) gives, for each 
fiber F an element Up which generates the infinite cyclic group H^[F, Fq; Z). The 
Thom isomorphism theorem asserts the existence of a class on F the restriction 
of which to each fiber is Up- 

Theorem VL4.1 (Thom isomorphism). There exists a unique cohomology class U G 
H^{E,Eo]Z) the restriction of which to F’^(F, Fq;Z) is Up (for any fiber F). 
Moreover the map: 

H-{F) >F"(F,Fo;Z) 

y ' ^ y^u 

is an isomorphism. 

For the proof, first look at the case of the trivial bundle, which is rather easy, 
then cover the base space by open subsets which trivialize the bundle, and (at least 
if the base space B is compact) deduce the result by induction on the number of 
open subsets, with the help of Mayer-Vietoris and the Five Lemma (see [109] for 
details). □ 

The class U is called the Thom cla^s of the oriented bundle F. It is clear that 
a change in orientation will change the sign of U. It is also clear that U is natural: 
if / : F' ^ F is a continuous map, then U(f'^E) = f'^U{F). The isomorphism 
y y ^ U is the Thom isomorphism. 

VI. 4. b. The Euler class of an oriented bundle, equivariant Euler class. 

The Thom class U allows us to define the Euler class of the oriented vector bundle 
7T : F — > F. This is the unique class e G IT^{B\ Z) such that 7r*e = j^U where the 
maps are the natural ones 

H^{E, Eo-, Z) H^{E; Z) Z). 

Remark VL4.2. Changing the orientation of F changes the sign of e. On the other 
hand, e is natural as is the Thom class we used to define it. 

The equivariant Euler class. Recall that F F is a G- vector bundle if it is a 
vector bundle, endowed with a G-action which is linear in the fibers and compatible 
with some G-action on the base space. This is what we need to form the vector 
bundle EG Xq F EG Xq B. As such, it has an Euler class (if F is oriented) 
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which we shall denote eciE) G Hq{B) as we intend to call it the equivariant Euler 
class of the bundle E B. 

A G- vector bundle may be trivial as a vector bundle without being trivial as 
a G-vector bundle, as the following example shows. 

Example VL4.3. Let B be a point, so that a G-vector bundle over B is nothing 
other than a linear representation of the group G. Such a representation has an 
Euler class in H^BG. For instance if G = and if B = C with the action 
U'V = then ES^ Xgi E is the bundle 0(— m) over BS^ (see Appendix VL5). 

Proposition VL4.4 (Gysin exact sequence). There exists an exact sequence 

^ H\B) F*+”(J5o) ^ ^ . 

Proof. Use the long cohomology exact sequence of the pair (B, Bq) and the previ- 
ous isomorphisms in the diagram 

^ Eo) H^{E) ^ H^{Eq) — ^ H^+\E, Eq) > 




Hk-n(^B) ^■*-"+ 1 ( 5 ) 



to conclude. □ 



The cohomology of the projective space. To prove Proposition VI. 1.14, we 
use the Gysin exact sequence for the “tautological” line bundle 

B = 0(-l) = {(£,x) I e c C^^\x e£} C P^(C) X 

The complement Bq of the zero section is the set of all pairs (i^x) for x ^ 0. 
It is easily identified with - {0}. Its homotopy type is that of the sphere 
S 2 n+i ^ Euler class of the bundle B (the class u in the statement of 

Proposition VI. 1.14 is just —v). We may write the Gysin exact sequence 

, . i7'=(P”(C)) i?''+2(P"(C)) 



> ^fc+2^S2«+l) > 

from which we immediately deduce that all the i?^^+^(P”(C)) vanish, and that 

w V : if2'=(p«(c)) > H^'^+^{P^{C)) 



is an isomorphism for 0 ^ 2A: < 2n — 2. 



□ 
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The cohomology of a blow up. Recall that the blow up of at 0 is 
also the total space of a complex line bundle over P’^~^(C), so that it has the 
same homotopy type (and the same cohomology) as this projective space. Using 
the Mayer-Vietoris exact sequence, one easily deduces the cohomology of any 
(symplectic or complex) manifold of dimension 2n blown-up at a point. 

Proposition VL4.5. As a group, the cohomology of W is the direct sum 

H\W) = H\W) © ^^(P^-^(C)). □ 

In dimension 4 (or complex dimension 2), it is easy to be more precise. As in 
the proposition, the cohomology groups of the blown-up manifold W are the same 
as those of W, except for the which is the direct sum 

H^{W) ^ H^^iW) 0 if2(pi(C)) ^ H\W) © Z. 

Moreover, the factor Z is generated by the cohomology class dual to the class 
E G H 2 {W) of the exceptional divisor and the intersection pairing (or, equivalently, 
the cup product) is determined by the fact that 

£;•£; = -1 and £ • C - 0 for all C G H 2 {W). 

VI.4.C. The Gysin homomorphism. Let us start with the case of an embed- 
ding. Let i : Z ^ W denote the inclusion of a codimension-m submanifold, with 
normal bundle u (assumed to be oriented). We define the Gysin homomorphism 

(which goes the wrong way and which does not preserve the graduation) as the 
composition 

^ W - Z) . 

where of course, $ denotes the Thom isomorphism for the bundle iz. 

Proposition VL4.6. Let i :W CW be the inclusion of a submanifold, the normal 
bundle of which is denoted iz. We have 

i^ii,l — e{iz) and i^i^x = x ^ ^(^)- 

Proof The commutative diagram 

II >U 

H^{Z) ^ H^{iz, izo) ^ H^{W) 




H^{iz) i — H^[Z) 3 e{v) 
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proves the first equality. As tt* and j* preserve multiplicative structures and x i-^ 
X ^ U is the Thom isomorphism, this also proves the second one. □ 

The equi variant case. Suppose the Lie group G acts on W and Z, the embed- 
ding i being equivariant. Up to finite approximations, we may consider that the 
inclusion 

i : EG Z ^ > EG Xq 

is the embedding of a submanifold. Therefore we have a Gysin homomorphism 

u:H*g{Z) >HUW). 

Computing gives the Euler class of the normal bundle of EG Xq Z that is, 
the equivariant Euler class of p: 

i^i^x = X ^ eG(p). 

Integration in the fibers. Let tt : E B be a locally trivial bundle with 
compact fiber F. Assume that B and E are manifolds and, moreover, that F is 
an oriented manifold of dimension m. Let a; be a fc-form on E. We can associate 
to it a (fc - m)-form on B, denoted and defined in the following way. We first 
define an m-form a on F = by 

(Ll, • • • 7 Un) — LOx • • • ? Ul , • • • , 

in which formula Xi{x) is any vector in J xE such that J xT^{Xi{x)) = Xi e T^E 
(it is clear that the result of this process is well-defined). Then we define the form 
TT^uj by 

{ if fc < m, = 0 

otherwise, (ATi, . . . , Xk-m) = 

We have defined this way a map 

7T^:n^{E) >n^-^{B) 

at the level of forms. 

Proposition VL4.7. The diagram 

d d 

commutes. 



Proof. This is a straightforward verification. 



□ 
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We thus get a morphism, still denoted tt^, 

7T* : H^{E) » 

of which it is not hard to make a relative version which will appear in the following 
example (of course, in this paragraph, we are dealing with de Rham cohomology). 

Example VL4.8. The (constant) map tt : pt may be considered as a fibration 

with fiber S^. The homomorphism 

7T^ : H^{S^) . i/0(pt) 

W I ^ /s„ w 

sends the generator to 1. From the definition of the Thom class [/, we deduce that 
if E is an oriented rank n vector bundle over B, then 

7t,:H^{E,Eo) 



maps U to 1. 

The reader may be frightened by the present terminology and ask (with 
some reason) what relationship exists between the ^ considered here in the case of 
a fibrations and the ^ defined above in the case of an embedding. She or he may 
remain calm: tt^ and u are two aspects of a single Gysin homomorphism defined 
for any proper map f :V from one manifold into another. One possible way 
to define is precisely to decompose / as the composition of an embedding and 
a fibration 



i : V ^ VF X for n large and tt : W x S'^ W 

and to put f^ = 7 r^o (it is not very hard to prove that this does not depend on 
the choices). 

Consider for instance the case of the inclusion of a section i : B ^ E of the 
bundle. We then have, for any y G H^{B), = y. In fact, is the composition 

of the horizontal maps in the diagram 

y\ >y'^ U 

H^{B) > uo) ^ 




H^{B) 



but we have seen in the previous example that the Thom class is mapped to 1. 
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VI. 5. Appendix: various notions of Euler classes 

We have already met two notions of Euler classes for fixed point free S^-actions: in 
Chapter I for 3-manifolds, where we got a number, and in § VI.l.c where a degree- 2 
cohomology class was constructed. On the other hand, we have also used the Euler 
class of a (real) oriented vector bundle. In this appendix, we shall investigate the 
relations between these various notions. 

Vl.S.a. The case of S^-bundles. Because all relevant definitions can be ulti- 
mately expressed in terms of principal bundles (or free actions), it is enough to 
study this case. We shall thus prove: 

Theorem VI.5.L Let V be an oriented compact 3-manifold endowed with an S^- 
action. Let B be the oriented surface which is the quotient. If e ^ is the 

Euler class of the S^-bundle V B (in the sense of ChapterYl), then (e, [B]) G Z 
is the Euler number in the sense of Chapter I. 

Proof. We first reduce to the case where jB is a sphere. Indeed, write B = B — 

Do so that the bundle is trivialized over each piece. Define a map / : J3 by 
collapsing the complement of a collar B — Do onto a point (see Figure 9, the small 
white disc is mapped to the upper hemisphere, the complement of the annulus to 
the South pole, the annulus itself onto the lower hemisphere). 





Figure 9 

The map f^ : J?^(S^) — > H‘^{B) is an isomorphism. Moreover, by the defini- 
tion of /, the bundle V B is exactly the pull-back by / of the bundle over the 
sphere, which is trivial over each hemisphere and described by the same gluing 
data asV^B along the equatorial circle. 

We thus assume that B is a sphere S^. We reduce now to the case where 
V is the Hopf bundle. In fact, if ^ ^ is a degree-m map, it multiplies 

Euler classes (in the sense of Chapter VI) by m, but in the sense of Chapter I as 
well: we may assume it induces the map z z'^ on the equatorial circle dDo> In 
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the diagram 

V ' — 



with obvious notation a' i— > ma and similarly da' i-^ mda^ but 6' i-^ 6 as it is an 
orbit. We deduce that e = me' (in the sense of Chapter I). 

For the Hopf bundle ^ P^(C), the statement is clear, as we have e = -1 
in the sense of Chapter I and in the sense of Chapter VI as well by definition 
of u. □ 

Remark VL5.2. We have just checked by explicit computation, and used the fact 
that the Hopf bundle ^ P^(C) is universal among the principal S^-bundles 
over surfaces. 

VI.5.b. Complex line bundles. To any principal S^-bundle P B we asso- 
ciate (this is actually what is called an associated bundle) a rank-1 complex vector 
bundle E B using the usual linear -action over C 

E = PxsiC 

where acts on F x C by t • (u, 2 :) = (tv^iz). 

Example F/.5.5. Take P = with the action defining the Hopf fibration. The 

map 

S2n+1 X C ^ P^(C) 

(zo, I ^ [zo, . . . , 2^n] 

becomes, taking quotients, the vector bundle 

xsi C ^P^(C). 

Using the injection 

Xgi c ^ > P^(C) X 

[zo, . . . , 2 ;^; z] I ^ ([zo, . . . , Zn], ZqZ, . . . , ZnZ) 

we may identify the vector bundle obtained with the tautological bundle 0(— 1). 

For any m G Z we also know how to define a bundle called 0(m) over P’^(C) 

0(m) = X C/(zo, . . . , Zn; 2 ;) ~ (tzo, . . . , tZn] f^z). 

Conversely, given a complex line bundle E over a manifold B, the choice of a 
Hermitian metric on E allows us to consider its circle bundle S'(B), which is then 
a principal -bundle over B (thanks to the linear -action by rotations in the 
fibers). Of course we may recover E from S{E) as above. 
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We now have to compare the Euler class of E as an oriented vector bundle 
and the Euler class of S{E) as a principal S^-bundle. But we have actually defined 
the class u G i/^(P’^(C); Z) in such a way that e(0(-l)) = —u (see VI.4.b). By 
universality, we deduce that they coincide. 

As a conclusion to this appendix, let us now check the assertion about mul- 
tiplication by n which we used to define the Euler class in the non-principal case 
and in § VI.l.c. 

Proposition VL5.4. The map induces multiplication by n on 

Proof. Coming back to the previous examples, we see that we have to prove that 
the Euler class of 0(n) is nu. On the other hand, as this only concerns the 
assertion needs only be checked on P^(C). Consider thus the map 

(^:PHC) > P1(C) 

[x,y] I 

It has degree n, which means that it induces multiplication by n in the group H^. 
Moreover it is (almost) obvious that it satisfies (^"^0(1) = 0(n). By naturality we 
thus have 

e(0(n)) = (/?'*'e(0(l)) = ne(0(l)) = nu. □ 



Exercises 

Exercise VLl (Contractibility of S^). Consider the infinite sphere 



almost all xv = 0 and 



with its subspheres 
and their neighborhoods 






i=o 



= |x € S~ I ^ o| , K = ja; € S~ I ^xi > . 

The aim of this exercise is to prove that deforms into the simplex 
A = {x G I Xi ^ 0 for all i} . 

Prove that A is contractible (so that you will have proved, eventually, that is 
contractible as well). 
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Prove that deforms to a point (of A) in More precisely, check that 
the map 

/„ : S" X [0, 1] ^ S”+i 

(x, t) I » (Vl - txo, . . . , VI - tXn, Vi, 0, ... ) 

is a deformation with the required properties. 

Check that the map Qn -UnX [0, 1] ^ Un which maps (x, t) to 




is continuous, deforms Un to and maps A x [0, 1] into A. With fn and Qu^ we 
get a map 

hn • Un ^ [0? l] ^ Un-\-l 

that deforms Un to a point of A. Notice however that the point obtained this way 
depends on n. Prove that the maps^^^ 

' Un ^ [Oj l] ^ Un-^1 

defined by induction on n and by (fo = ho^ 

' hn+i {x, t) if 0 V Xl"=o ^ 5 

I K+r{<Pnix,t)M^ -3 E;=o^])) if 5 < E"=o^i < I 

,¥’n(x,t) 

are continuous deformations and satisfy 

^n+l|VnX[0,l] = ^n|VnX[0,l] ^nd (pn(x,l) E A. 

Deduce a deformation of on A. 

Exercise VI.2. Prove that the map 

Vk{C^) 

(ui,...,Ufc) 1 > Vk 

is a locally trivial fibration with fiber 14_i(C^). Deduce that the natural map 

Trn{Vk-l{C^)) ^TTn{Vk{C^)) 

is an isomorphism for n ^ 2N — 2 and that Vk{C^) is weakly contractible. 

(^^This is using essentially the same strategy and the same formulas that Dold shows in [40] that 
the spaces EG constructed by Milnor are contractible. 
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Exercise VL3. We have seen that P’^(C) is a finite dimensional approximation to 
B U(l) = BS^. Prove that the same is true of the Grassmannian Using 

Exercise IV.9, prove that, 

forn + 2 = 2fc, 2 ) = z © Z 

(so that the two spaces and G 2 (R^^) are, indeed, different). 

Consider as a quadric in P”'''^(C) (see Exercises 1.21 and III.15). 

Let u e iL^(G 2 (R"'*'^); Z) be the image of the generator of JL^(P”+^(C); Z), so 
that u is dual to the intersection of the quadric with the hyperplane Zn-\-i = 0. 
Check that G 2 (R^~^^) is simply connected and that 

7T2G2(R"+2) = Z, 

generated by a map 

/ : I . G2(R"+^) 

which pulls back the tautological bundle to a bundle of Euler class 1. Let v G 

the class dual to /★[S^]. Check that 

= 2v, 



so that, although for n odd, 

Z) is isomorphic with ff*(P^(C); Z) 

as groups, the two cohomology rings (and hence the two spaces) are different. 

Exercise VL4. Show that, if a is an invariant fc-form {a E da is an 

invariant (fc + l)-form, in other words that there is a commutative diagram 



Qfc(^)G_l^Qfe+l(^)G 



j 

Q'^iW) 



3 



Assume G is a compact connected Lie group. Show that the inclusion j of invari- 
ant forms in the space of all forms is a quasi-isomorphism (that is, induces an 
isomorphism at the cohomology level). 



Exercise VL5, Let tt : P B be a principal -bundle, and let ry be a 2-form 
on B such that [rj /27r] is the Euler class of the bundle. Show that there exists a 
connection form a on P such that da = n^rj. 



Exercise VL6. Let (W,o;) be a compact symplectic manifold of dimension 2n 
endowed with a Hamiltonian action of a torus (of half the dimension). Let P 
be the polyhedron which is the image of W under the momentum mapping p. 
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(1) Let AB be an edge in P. Show that it is the image of a symplectic sphere 

(2) Write AB = Xli where li e Z'^ is indivisible and A G R. What can be 
said about the stabilizer of the points in S'? What is the volume u; of the 
sphere S? 

Exercise K/. 7 (Symplectic blow up). Let ui be the standard form on C^, U 2 that 
on P^(C). Consider the inclusion 

>C^xP\C) 

and define, for any r > 0, Check that this is a symplectic form 

on C^, which gives volume r to the exceptional divisor. 

Let Dr be the ball of radius r in C^, 

= {(a:, y € I \xf + \yf ^ r| 

and let 

fr:C^~ Dr ^ C2 - {0} 




be the radial diffeomorphism. Identify - {0} with - tt ^(0) via tt. Show 
that 

fr^r = ^l\c^-Dr- 

Exercise VL8. Let ( he a, primitive m-th root of 1. Consider the lens space 
^ 2 n+i(^) jg quotient of by the equivalence relation generated 

by (v. Check that the natural projection map ^ P^(C) is a prin- 

cipal S ^-bundle. Prove that the complex line bundle associated with this principal 
bundle is 0(— m). 

Exercise VL9, Prove that 0(m) is the complex line bundle dual to 0(— m). Prove 
that the cohomology class u used in Proposition VL1.14 is e(0(l)). 

Exercise VLIO, Let R be a complex vector bundle over a closed surface B. 
Decompose 

B = B — Dq U Dq 

as in the proof of Theorem VI.5.1 and prove that the isomorphism class of the com- 
plex bundle is given by an element of tti GL(n; C). Recall (or check) that GL(n; C) 
retracts on U(n) (this is the Gram-Schmidt process) and that the determinant 

det : U(n) > 



induces an isomorphism at the level of tti ’s. 
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Consider now the projectivized bundle t^{E) B. Prove that its isomor- 
phism type is given by an element of 7TiPGL(n; C). Look at the exact sequence 
of groups (and fibration) 

1 > > GL(n; C) > P GL(n; C) ^ 1 

and prove that ttiP GL(n; C) = Z/n. 

An illustration. Prove that the total space of the bundle 

P(0(A:i)©0(fc2)) ^P^(C) 

is diffeomorphic (by a diffeomorphism compatible with the fibration) with the total 
space P(0(fci - k 2 ) 0 1). 

Prove that^^) the Hirzebruch surface Wk of Exercises IV.4 and IV. 17 is dif- 
feomorphic with P^C) X P^(C) if k is even and with P^(C) if k is odd. 



(^^This was already shown in Exercise IV. 17. 
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TORIC MANIFOLDS 



The goal of this chapter is to present a very beautiful family of symplectic mani- 
folds endowed with Hamiltonian torus actions, the toric varieties^^h Long before 
their symplectic aspects were understood, toric manifolds were introduced by De- 
mazure as closures of complex torus orbits in algebraic manifolds. They have been 
investigated since then by numerous authors^^^. These are algebraic varieties which 
can be defined over any field (of course we shall restrict ourselves to the field of 
complex numbers). The prototype is the closure of any orbit of a (complex) torus 
acting in a linear way on a projective space which we already met in Theorem 
IV.4.25. We shall present here an alternative description. 

The manifolds under consideration have properties which coincide a priori 
with those which we are interested in: 

— They are endowed with the action of a “big” torus (of maximal dimension: 
half that of the manifold) and with symplectic structures for which this 
action is Hamiltonian. 

- They are constructed from something very close to a convex polyhedron, 
namely a fan (this is exactly what allows us to recover the combinatorics of 
the faces of a convex polyhedron, but not the size of the faces, see VII. 1. a). 
Moreover, an invariant ample line bundle on such a manifold allows us to 
construct a convex polyhedron with integral vertices. 

- According to the uniqueness theorem of Delzant (here Theorem IV.4.20), 
they are the compact symplectic manifolds endowed with completely inte- 
grable torus actions. 



(^^This is to insist on the fact that we are mainly interested in the complex and smooth case 
that we used the word “manifold” in the title of the chapter. 

There are rather complete, but already a little out of date, lists of references in [38] and [114], 
beautifully updated in [35, 36, 37]. 
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After the publication of the convexity theorem (Theorem IV.4.3), various 
authors hurried to remark that, in the case where the cohomology class of the 
symplectic form is the Euler class of a complex line bundle, the polyhedron image 
by the momentum mapping was actually the one that was classically associated 
with the line bundle under consideration (see Jurkiewicz’s paper [80] and the proof 
by Khovanski and Arnold of Theorem IV.4.25 in [8] that we have already used). 
Here, we shall describe a complex toric variety^^^ as the “quotient” of some 
by a complex subtorus of (C*)^. Here, the “quotient” will be the honest 
topological quotient of a big open subset of C^. According to a rather general 
idea of Kirwan, this quotient is identified to the symplectic reduction of some 
regular level of a momentum mapping on C^. We thus meet a description due to 
Delzant, from which we deduce, as in [39] that with each (integral or not) convex 
polyhedron satisfying the necessary conditions implied by Proposition IV.4.12, we 
are able to associate a compact symplectic manifold of dimension double that of 
the polyhedron, the latter being the image of the momentum mapping. 

This construction gives, in a very natural way, many of the classical results 
on the topology of these manifolds (simple connectedness, cohomology, invariant 
line bundles and symplectic forms). 

The ideas in this chapter come from [85], [8] and, of course, [39]. I have chosen 
to discuss toric varieties here, mainly because I wanted to relate the topological 
aspects of the theory I enjoyed learning in the very beautiful paper by Danilov [38]. 
I enjoyed reading [30] as well, so that I have used it, especially in the description 
of fibrations and of toric surfaces. 

VII. 1. Fans and toric varieties 

VII. 1. a. Fans. The idea one must have in mind is that a fan is what is left from 
a convex polyhedron when the “sizes” of its faces are forgotten. 

Consider the vector space with its integral lattice Z’^. Let P be a convex 
polyhedron in the dual space (R’^)^. We are thinking of polyhedra as those we 
have met in Chapter IV (this is why they live in a dual space) so that we will 
assume that the faces of P have integral equations, namely equations of the form 

(p) = a for some u G and a G R. 

With any face T we may associate its tangent cone (Figure 1). Chose a point m 

o 

in the (relative) interior of F (notation m G F) and define 

o-r = [Jr-{P-m). 

r^O 



in the generality needed by algebraic geometers. 
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0 



(Tr 



Figure 1 



The result is obviously a convex cone (and, as it is easily checked, it does not 

O 

depend on the choice of the point m in F). This is the tangent cone^^^. Figure 2 




Figure 2 

shows the polyhedron (on the left) and its tangent cones (in the middle). Notice 
that all the tangent cones have dimension n (if the interior of the polyhedron is 
not empty). For the example shown in Figure 2, the tangent cone 

- to the dimension-2 face is the whole vector space, 

- to each edge is a half-plane limited by the line through 0 parallel to the 
line supporting the edge (note that, for clarity, these cones have not been 
drawn on the picture), 

- to each vertex is a cone with vertex at 0. 

Lemma VILLI. For any two faces F, F', we have 

F c F' (Jr C (Jr' and (Jrnr' == err fl ar ' . 

Proof The first property is due to the fact that, if the face F is included in the 

o 

face F', any neighborhood of m G F contains a point of the relative interior of F'. 
This implies the inclusion (Jrnr' C (Jr H ar' , so that we only need to check the 



word “tangent” is used here in the same sense that the tangent space to an affine space 
is the underlying vector space. 
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reverse inclusion. But, if x G ap fl (Jpo there is an m in the relative interior of the 
intersection F fl F' such that the half line [mx) contains points of the polyhedron. 
Again, as close to m as we wish, we can find points n and n' of the relative interiors 
of F and F' and, if they are close enough, the half-lines [nx) and [n'x) will also 
contain points of the polyhedron. □ 

The right part of Figure 2 shows the associated fan, that we define now. This 
is the family 

S(P) = K} 

of the convex dual cones, that is, the family of all the where 

= {v e I <p(v) ^ 0V(p e a} . 

Notice that, as usual with duality, 

a C cr' D cr'^ . 

In the example of Figure 2, 

- the cone dual to the whole vector space (corresponding to the dimension-2 
face) is the point 0, 

- the cone dual to a half-plane (corresponding to a dimension- 1 face) is a 
half-line, 

- the cone dual to a cone corresponding to a vertex is a convex cone of 
dimension 2 (in the picture, the ‘‘color” of a cone is the same as that of its 
dual) . 

A fan in is a family E of convex polyhedral cones in R’^ all having 0 as 
a vertex, all generated by integral vectors, and such that 

- any face of a cone in E is a cone in E, 

- the intersection of two cones in E is a face in each of them. 

Remark VILL2. One may replace R’^ by in this definition: the important things 
are the vector space structure, allowing us to define cones, and (last but not least) 
the lattice Z^. 

Proposition V1LL3. The family of the convex dual cones associated with a convex 
polyhedron the faces of which have integral equations is a fan. The cone associated 
with a codimension-k face has dimension k. 

Here the dimension of a cone is, of course, the dimension of the linear subspace 
it spans. 

Proof Consider a facet F, namely a codimension- 1 face of the polyhedron. It has 
an equation of the form 



{v, ip) = a 
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for some integral vector v and real number a. The tangent convex cone is one of 
the half-spaces limited by the linear subspace spanned by the facet, say 

ar = {ipe (R")^ I {v,if) > 0} . 

Then the dual cone is the half-line generated by v. Now a codimension- fc face is 
the intersection of k facets, say r = rin---nr/c, so that 

cTr = n • • • n 

and that is the convex cone generated by the vectors vi,. . . ^Vk defining the 
facets. Hence the result. □ 

The union of all the cones of dimension k is called the k-skeleton of S. 
The 1-skeleton may (and actually will) be considered as the set of the N 
(primitive) vectors in Z'^ which generate the half- lines which are the cones in 



One of the reasons why people usually prefer to work with the fan instead of 
using the family of tangent convex cones is that the properties of the polyhedron 
are easier to read on the fan. Think for instance of the simple description of 
the cones of the fan in Proposition VII.1.3. Remember also how complicated the 
figure of the tangent cones is (even for instance in the simple case represented in 
Figure 2). Here comes another illustration. 

The support of the fan E is the union |E| of all the cones. We say that a fan 
is complete if its support is the whole space R^. 

Proposition VII. 1.4, The convex polyhedron P is compact if and only if the fan 
E(P) is complete. 

Proof The convex polyhedron P is compact if and only if its projection on any 

line is compact, and in particular if and only if for any v G the map 

(Rn)V , 

(p I > (f{v) 

sends P onto a compact interval. Considering —v as well, we see that P is compact 
if and only if 

\/v ^ R’^, 3 a G R such that V G P, (p{v) ^ a. 

As P is a convex polyhedron, a may be considered as the value at -u of a linear 
form m on the (relative) interior of some face of P. Thus P is compact if and 
only if 

\/ V E R^, 3T face of P and m G T such that ^ (f G P, ^('^) ~ rn{v) > 0. 
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The last condition is equivalent to the existence for any v of face F such that v 
is in the dual convex cone: the fan covers the whole space. □ 

VII. l.b. The action of and its subgroups on C^. We denote by 
the compact (real) torus of dimension AT, 

\\U\ = 1}^{SY 

and Tq the complex torus 

Tg = {{ti,. ..,tN)eC^ {CY- 

We make these two groups act on as usual, 

• {zi,...,Zn) = {tiZi,...,tNZN)^ 

Notice^^) that, restricted to {C'^)^ the action is free and transitive! 

Nontrivial stabilizers. Call (ei, . . . , e^v) the canonical basis in any of the spaces 

c c c C^. 

For 7 C {1, . . . , N}^ denote 

— by 6/ the “coordinate” subspace generated by the e^’s for i C 7, that is, 

ei = {z = (zi, ...,ZN)\j^I-^Zj = 0} 

— by T/ the corresponding complex torus^®^ 

Tj = {t = {ti, . . . , ^at) \ j ^ I tj = 1} 

- by e'j the open cone 

e'l = {z\j ^ Zj = 0} 

- and by 7 the complement of 7. 

... so that z C e/ if and only if its stabilizer contains Tj and z G e'j if and only if 
its stabilizer is Tj. 

Figure 3 shows the example of c/ and e'j for 7 = {1, 2} and 7 = {!}, in C^. 

Silly as it may seem, this remark is the basis of this chapter. 

(6) Trying to economize on notation which is already very heavy we shall denote in the same way 
both the complex and real torus. No confusion is to be feared. 
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Figure 3 



Subtori. Consider a linear map 

7T : > Z^. 

We shall use the same letter tt (when no confusion is to be feared) for the maps 
7 T 0 Q, 7 T (g) R and tt (g) C. Assume that tt g) Q is surjective and call K C Z^ the 
kernel of tt. Similarly K C will be the kernel of 

R^/Z^ R^/Z^. 

The definition of Kc is analogous. All these groups are now acting on as 
subgroups of Tq. Call k = N — n the dimension of K. 

Proposition VILL 5 . The points in the singular orbits of Kq in are the points 
of the subspaces e/ for I such that 

K (g) C n ey ^ 0. 

Proof We know that z lies in a non-principal orbit of Kq if and only if there exists 
a (proper) subset I of indices in N} such that 

z e ej and Kc C\Tj^ 1. 

Linearizing the latter condition, we find that K 0 C fl ej 7 ^ 0. Note that this gives 
no information on the exceptional orbits (case where J^cHTy is a finite group). □ 

Example VIL 1 . 6 . Put N = n = 2 (and fc = 0), and let tt : Z^ Z^ be the linear 
map, the matrix of which in the canonical bases is ( 02 )* Then, tt itself is injective 
(in the notation above, K = 0) but its avatar ^ has a nontrivial kernel 

K^{{e,s) \ s = ±l}cT^. 

In this case, Kc acts on without singular orbit, but the point (0, 0) is, in itself, 
an exceptional orbit. 



Given the (integral) map tt, we thus deduce: 
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Proposition VILL7. The open set 

K = U e/ 

KriejT^O 

is the biggest open subset in on which Kc dcts without singular orbits. □ 

Remark VIL1.8. Recall that dimK = N — n = k, and that, if #/ > n, then 
K (8) C n ey ^ 0. Therefore, in ZYtt, there is no coordinate subspace ej such that 
#Kk. 

Example VIL1.9. Let tt : ^ Z’^ be the map which sends the n first vectors 

ei, . . . , Cn of the canonical basis to the vectors having the same names, representing 

the canonical basis of Z'^ and sending to — (ci + 1-6^). The kernel K is 

the line generated by ei H h Cn + Cn+i and K the diagonal torus (t, . . . , t). Here 

Wtt is — 0. This is shown in Figure 4 in the case n = 2. 




Figure 4 



Real and imaginary parts. If Tc is a complex torus and T the real torus which 
is its compact component, then tc = 1 0 it, and we shall simply write the element 
g of Tc as ^ = kexpiX where fc G T and X G t. For example, if Tc = C^, then 
T = S^, t = iR and any element z e C'^ may be written z = ue^ where x G R 
and u e S^. 

VII.l.c. Closing a fan, toric varieties. Given a fan E, choose a numbering of 
the primitive vectors generating its 1-skeleton, 

Consider the unique linear map 

7T : Z^ . Z^ 

which sends the vectors (ei, . . . , Civ) of the canonical basis (respectively) onto the 
vectors (xi, . . . ,Xjv) and assume that tt 0 Q is surjective (this will be the case 
for instance if E contains a cone of dimension n). Here n is the dimension of the 
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ambient vector space (and lattice) while N is the number of cones of dimension 1 
in the fan. 

Denote {xj the cone generated by the vectors Xi {i ^ I), that is, 

{xi = {aiXi^ H VoLr^i^ I Oj > 0, / = 

To the projection tt, we know how to associate an open subset Utj; in C^. Just 
as 7T, the latter depends only on the 1-skeleton of E. We now want to construct 
an open subset of which will really depend on S. Let us make a restriction: 
we will use smooth fans. A fan E is smooth if each of its cones is generated by a 
part of a Z-basis of the lattice Z^. 

Example VILLIO. The fan associated with the standard n-simplex (as in Figure 2) 
is smooth, while the one shown on the right part of Figure 5 is not: as 



the darkest cone does not satisfy the requirement. See also Exercise VII.7. 



ei 



£2 



ei 



Figure 5 





This notion is of course related with the primitivity property of the polyhedra 
we have met in Chapter IV. 

Proposition VILl.lL The fan associated with a polyhedron is smooth if and only if 
the polyhedron is primitive. □ 

Remark VIL1.12. As we have assumed that tt (g) Q was surjective, then 

e/ n K g) C = {0} ^ n 

and therefore the smoothness condition implies that all the cones of dimension n 
in E are simplicial, that is, generated by n vectors. 
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We can now define 

Ws = - U e/. 

{/|(xj^E} 

T his is an economical way of writing that a point 2 ; in Uy, may have zero coordinates 

Zii = • ■ • = = 0 if and only if {xi^ G S. 

Notice that the Kc-orbits in Us are closed, so that the quotient Xs— Us/ Kc is 
Hausdorff. The quotient space Xe is called the toric variety associated with E. 

Remark VIL1.13. Assume the fan E is smooth. Let {xj be one of its cones of 
dimension h. Up to renumbering in Ei^\ we may assume that I = 

Then 

f ^ 

e/nK(g)C = <^ ai€i 1 7T aiCi^ = 0 
i=l 
h 

I '^aiXi = 0 

i=l 

= 0 . 

Hence (x/ G E e/ fl K (g) C = 0. Thus, for a smooth fan S, the open set 

is contained in so that the complex torus acts on U^. without singular orbits. 

Notice that the condition 

(x/ GE=>e/nK(8)C = 0 

is sufficient to get a quotient Xs with (at most) orbifold singularities. Our smooth- 
ness assumption is stronger, as it gives the smoothness of Xx: (hence the termi- 
nology). However, the weaker assumption has better properties, such as the fact 
that, if E' C E and if E satisfies it, then E' satisfies it as well. 

Proposition VIL1.14. The toric variety is smooth if and only if the fan E is 
smooth. 

Proof The quotient Xx is smooth if and only if Kc has no finite stabilizer in ZYx, 
in other words if and only if 

{x/GE=^XnT/-{l}. 

As we assumed the linear map tt (g) Q to be surjective, this is equivalent to 
(x/ G E and #7 = n ^ X n Tj = {1} 

as well. But the torus K is the kernel of tt : R^/Z^ -> In other words, if 

K contains a nontrivial element, this means that there exists a nonintegral vector 
in the image of which lies in Z’^. Renumbering the xfs if necessary, assume 
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that I = {1, . . . , n}. Then K fl T/ is a nontrivial finite group if and only if there 
exist relatively prime integers ai, . . . , and m ^ 2 such that 



7T 



E ai 

—ei 

m. 



G Z^. 



This says that we have found a vector ^ aiXi of the “coordinates” of which 
are relatively prime and which is divisible: thus it is not written in a Z-basis. □ 



First properties of By definition, all the cones {xi of the 1-skeleton belong 
to the fan E, so that 

{xj ^ E => ^ 2 codime/ ^ 2. 

To construct Ws, we have thus taken off subspaces of complex codimension ^ 2 
in C^. Hence Uy. is 2-connected. The homotopy exact sequence of the fibration 

Kc >Uy 



Xy 

gives that is 1-connected and that 

7T2(Xs) ^ 7Ti{Kc) 

is an isomorphism. The latter is isomorphic with H 2 {BKc] Z). Dualizing, we get: 

Proposition VILL15. The toric variety Xy is simply connected. Moreover, the 
Euler class of the principal Kq - bundle Uy ^ Xy gives an isomorphism 

Z) > H‘^{Xy] Z). □ 

Notice that the Euler class of this principal Xc-bundle lives in H^{Xy \ Z)^ 
where k = dimK is a Z-basis of H^{Xy] Z). Notice also that H^{BK\ Z) can be 
considered as the integral lattice in V . 

Examples. To begin with, as a zero-th example, the open set Uy itself is a toric 
variety of dimension N, associated with the fan S obtained when closing E, that is, 

E^^^ = (ei, . . . ,ejv) and (e/ G E <=> (xj G E. 

In Figure 2, the reader can imagine the fan pictured on the right as being (in three 
dimensions) in R^. 

By definition, the closed fan S contains only cones of the first quadrant. 
Moreover, as soon as N > n (which will always be the case if E is complete), it 
contains no cone of dimension N. In other words we then have Uy C — 0. 
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(1) Let E be the fan consisting of the unique cone a = {0} C R^. We are not 
exactly in the framework investigated above, since the 1-skeleton is empty, 
so that we are looking at the zero map 

7T : > Z^. 

The kernel is zero as well, and Xs is the complex torus as 

well. 

(2) Take for (xi, . . . ,Xn) the canonical b 2 isis of Z'^ and let E be the set of all 
the cones (of the first quadrant). Then AT = n, tt = Id, K = 0, Kc = 1 and 

U^=U^=U^/Kc = C^. 

The toric variety associated with the first quadrant fan is C^. This is shown 
(in the case n = 2) on the left part of Figure 6. 




c^-{0} 



Figure 6 

(3) With the same 1-skeleton as in the previous example, define now E as the 

set of all the cones in the first quadrant except the n-dimensional one. 
Nothing has changed except Uy: from which we must take off 60 = 0. Hence 
Xy = Uy = - 0. This is what the right part of Figure 6 shows (for 

n = 2). 

(4) Consider again the fan in Figure 2, that is the vectors Xi = ei (1 < i < n) 

and Xn+i = -{xi~\ h x^) and the fan in consisting of all dimension 

^ n cones on these vectors (at least if n = 2 we have already seen that it 
is the fan associated with the standard simplex). Here Uy = — 0, the 

map 7 T is that shown in Figure 4, so that K is the diagonal Z, namely the 
set (m, . . . , m) G and therefore Kq is the diagonal C"*" and Xx; is the 
complex projective space P^(C) (once again). 

(5) As on the left part of Figure 7, consider the fan in R^ the 1-skeleton of 
which is (ei,C 2 , — ^ 1 , — ^ 2 ) and the 2-skeleton of which consists of all the 
cones {xi^i^i (considering the numbering mod4). Looking for the 7’s such 
that (x/ 0 E we find that 

ZYs = = >2:3 = 0} { z 2 = 2:4 = 0}^ . 
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Thus 

= (c2 - 0) X (C2 - 0) . 

The group Kq is C"*" x C*" acting diagonally. The toric variety is the product 
pi(C) xPi(C). 

( 6 ) The open subset depends only on the combinatorics of the fan. For 
instance, all the fans in the 1 -skeleton of which consists of four vectors 
^ 1 ,^ 2 , ^ 3, ^4 and whose 2 -skeleton contains all the cones give the 

same ZYe = (C^ — 0 ) x (C^ — 0). Of course, the torus Kc changes. Consider 
the case where xi = ei, X 2 = C 2 , X 3 = — ei, X 4 = — ei — ac 2 for some integer 
a (right part of Figure 7). This time, the torus Kq acts by 

{U,V) • (2:i,Z2,^3,^4) = {U'"VZI,UZ2,VZ3,UZ4). 

The toric variety we get this way is a Hirzebruch surface (already met 
in Exercise IV.4) as we shall prove in Section VII.4. 





Figure 7 



(7) Here is an example of a nonsmooth fan. We have shown one in Figure 5. To 
simplify the investigation here, concentrate on the cone which was responsi- 
ble for the trouble there and consider Figure 8 . Working in Z^, the 1-skeleton 
is xi = ei, X 2 = ei + 2 c2. As the determinant of (xi, X 2 ) equals 2, this is not 
a Z-basis. Add now the cone generated by x\ and X 2 . Then ZYe = ZYtt = C^, 
and K = 0. The group K is the kernel of 




which we have already considered in §VII.l.b, where we saw that the 
group K is generated by (-1,-1) € T^. The variety is the quotient 
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Figure 8 

C^/(x,y) ~ (-X, — y), it has a singularity at 0. Here is another description 
of this complex surface: the map 

(x,y) I ^ (x2,y2,xy) 

descends to the quotient as an injection Xe ^ C^, the image of which is 
the surface satisfying the equation = XY . 

(8) Let us now (once again) blow up a point, this time in a toric surface. Let E 
be a fan of dimension 2, the 1-skeleton of which is generated by N vectors 

and the cones of dimension 2 of which are the cones generated by two 
consecutive vectors 

mod iV- 

The open subset We is defined by z 0 We C if and only if it has 
at least two zero coordinates, and, if it has only two they are not con- 
secutive (mod X). Let S' be a complete fan, the 1-skeleton of which is 
(xi, . . . ,Xiv,Xiv+i = xi xn). The map 
C^+i 

(zi, . . . , Zn-\-i) ' ^ ^2, • • • , ^N-1,^NZN-\-i) 

clearly maps We' onto We- Let Kq act on by 

u- = (u^^zi,...,u^^zn)- 

Then Kq = Kq x C* acts on by 

{u,v) • (zi,...,ZiV+l) == Z2, . . . ,U^^VZn,VZn-^i), 
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Figure 9 



so that (7 induces a map 

a : Xs' ^ Xs 

which is the blow up of the fixed point of Qc associated with the cone (xiv,i 
in E. 

The big torus. From the action of the torus T^, the toric manifold Xs keeps an 
operation of a torus. Indeed, the T^-action descends to the quotient and induces 
a T^/Xc-action on Xe, which is therefore endowed with the action of a complex 
torus we shall denote Qc? the real torus it contains being denoted Q. We have 

dime Xe = dime - dime Kq = N - k = dime Qc = 

Moreover, the complex torus Qc has an open dense orbit in Xs. Each cone (x/ 
in E defines an open subset X/ in Xy- For example, the cone {0} = {x 0 defines 
= (C^)^ = and X 0 = Tq/Kq = Qc^ which thus appears as an open 
dense subset in Xs- The torus Q is the big torus of the toric manifold Xs. 

Morphisms. The map we have used in the last example above is a special case 
of a morphism of fans. A morphism 

f : S > E' 

is an integral linear map 

/ : ^ Z^' 

such that, for any cone <j of E, there exists a cone a' of E' for which f {a) C <j'. For 
instance, in the example of the blow up, the linear map / is the identity Z^ ^ Z^, 
giving a morphism of fans E' ^ E (I apologize for the inversion in the notation). 

Proposition VIL1.16, A morphism of fans E — > E' defines a map 

Xy >Xy^. 
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Remark VILLI 7. This is an analytic map (and even an algebraic map, when this 
makes sense). 



Proof. The two fans define open subsets 

Ue C C^, C C^'. 



We map ZYs to using /. Calling as usual (xi) a system of primitive generators 
of and analogously (x') for we must have 



for some G N (this is to say that the image of the cone generated by xi is 
contained in a cone of E'). We define 

/ : ^ C^' 



{zi,...,zn) I > {z^^ --zl 



2^ 

^1 






) 



and check that it maps Uy: into . Let z be a point in ZYe- Look at the coordinates 
of f{z) that are zero, 



ji 



= 0, 



say. If this is the case, there are indices zi, . . . , with 



all ^ 0, . . . , ^ 0 and Zi^ = • - = Zi^ = 0. 

As z G ZYs, the cone , . . . , x^^ is in E. Its image under / is contained in a cone 
(j' of E'. Now 

^ i=l ' j,k 

To say that all such vectors lie in cr' is to say that there is a set K of indices which 
contains all the indices j for which ^ 0 and such that 

a' = {x'k e E'. 



But K contains {ji, . . . , so that 

(4." .4 6 S' 

as well (as a face of a'). We have proved that, if 

^'h=--- = = 0- then (x' ^ , . . . , G S', 



that is, that /(Z^e) C U^'. 

We must now compare the actions of Kq and on these open subsets. The 
formula we have used to define / shows that / is equi variant with these actions. 
Recall our standing assumption, namely that the projections tt 0 R and tt' (g) R, 

^ R” and R^' ^ R”' 
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are surjective. Then / lifts to a linear map 

ZiV , rjN' 

E N' j f 

and this new mapping maps K into K' and Kq into K'q. Moreover, we have 
f{u-{zi,..., Zn)) = f{u) • f{zi,. ..,Zn) 
so that / is equivariant and defines a map 

Xs 

which is equivariant with respect to the big torus actions. □ 

Examples VILL18 

(1) The linear map tt : — > Z'^ defines a morphism 

Xg >Xe 

which is just the canonical map ZYs X^. 

(2) The identity map Z'^ — > maps the fan consisting of the cone {0} into any 

fan E. The corresponding map of toric varieties is the inclusion of 
in Xs. 




Figure 10 

(3) Let E' be the fan in R^, the dimension-2 cones of which are (ei,e 2 and 
(^ 2 , —Cl + 6 c 2 . Assume b <0. then the map 

Z > Z2 

X I > (x, 0) 

defines a morphism of the fan E consisting of the cones (ei, (— ei in R into 
E' (Figure 10). It defines an inclusion 

Xe=P'(C)< .Xe'. 



We shall come back to this example in § VII.2.b. 
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Figure 11 

(4) Conversely, for any 6, the fan, the dimension-2 cones of which are (ei,e2 
and (e2, — ci + 6c2, is mapped to the fan defining P^(C) by a projection, the 
kernel of which is the central vector (Figure 11). We shall see in § VII.2.b 
that this is the projection of a line bundle onto P^(C). 

Fixed points and complex curves. A cone of dimension n in S corresponds 
to a fixed point of the torus Qc in the toric manifold X^. This can be deduced 
from the examples of the fans shown in Figure 6 above. 

Consider now a cone {xj of dimension n — 1. If = n — 1, the coordinate 
subspace ej is a subspace of C^, of dimension fc + 1, the set ej fl Ws is an open 
subset (as (x/ G S) on which the complex torus Kq still acts. We thus have the 
inclusion 

ejHU^/KcCU^/Kc 

of a complex curve in As it is endowed with an action of the torus Qc, it 
is a P^(C). There are two fixed points, corresponding to the adjacent cones of 
dimension n. This is shown in Figure 12. 




Figure 12 



Charts. We first exhibit open subsets trivializing the principal bundle 
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A convenient way to present Uj] from the point of view of the Kc-bundle ZYs Xy. 
is the following: 



Lemma VILL19. LetUi be the open subset (complement of coordinate subspaces) 

Ui = {zeC^ \zj=o^j e I}. 

This is the product of copies of and of #/ copies of C and we have 

ZYs = [J Ui. 



Proof We may write Uj = ci x e'j. For any 2: G C^, call I{z) C N} the 

set of the indices of those coordinates which are zero (thus 2: G Uk^z))- We have 

2: G e/ I C I{z) 



and 



2: G Uy (2: G 6 / ^ {xj G S) 

(/ C I{z) ^ {xj G S) 



so Z G ILy ^ ^ b 4 l{z) ^ 



□ 



In the case of a smooth fan, and thus of a principal Ac-bundle Uy A^e? 
the open subsets Ui of Uy give local trivializations of the bundle. 



Proposition VILL20, With each cone {xj of the smooth fan E is associated an open 
subset Xj of the toric variety Xy, over which the principal Kq - bundle Uy Xy 
is trivialized. 



Proof Choose a basis of K. Let A be the matrix (with k columns and N rows) 
giving this basis in the canonical basis of C^. The torus Kc acts on by 

(ui,...,Uk) • {zi,...,zn) = {u^^Zi,...,u'^^Zn) 

where is the monomial in the uj^s given by the multi-exponent rui G which 
is the 2-th line of A. 

Consider this action on one of the open subsets Uj we are interested in. 
Remark first that the = n case is actually sufficient; as the fan is complete, 
any cone {xj G E with # J < n is a face of a cone {xj G E with #7 = n and then 
Uj cUj. Furthermore, we merely have to change the numbering of the vectors in 
the 1-skeleton of E to be able to assume that I = {1, . . . , n}. Then 

Ui = {{zi, ...,zn)\ Zn+i 7^ 0, . . . , 2:iv 7^ 0} . 

The fact that Kc then acts freely on Ui corresponds to the fact that the k last 
rows (recall that N = n-\-k) oi the matrix A give an invertible (over the integers) 
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matrix. In other words, we can change the parametrization of Kc in such a way 
that the action is written: 

Zi, . . . Zn,VlZn-i-l, • . . ,VkZN)^ 

Denote (in analogy with homogeneous coordinates in the projective space) 
[zi^...,zn] the element in which represents the class of {zi^...,zn) E Ue 
modulo Kc • We can define a section aj : Xj ^ Uj to the projection Uj Xj by 

where z^^ denotes the monomial in Zn-\-i, - • • ^Zn-\-k associated with pi ^ Z^. A 
trivialization of the principal Xc-bundle over Xj is easily deduced: 

Kc X Xj . Ui ^ 

(u, [z]) I >V’(Jl[z\. 

VII.2. Symplectic reduction and convex polyhedra 

In the previous section, we have associated, with every convex polyhedron, a fan. 
And to any fan a toric manifold. We try now to go back and to associate, to the 
toric manifold, a polyhedron. 

Recall that a toric manifold of complex dimension n is endowed with the 
action of a torus Q of dimension n, its big torus. 

The idea (of Delzant and) of what follows is to prove that Xyi can be endowed 
with symplectic forms for which the action of the compact torus Q is completely 
integrable and the image of the momentum mapping is one of the convex polyhedra 
leading to the fan E — the shape of the polyhedron determines the fan, the volumes 
of its faces then determine the symplectic form. This way, we will prove (this is 
Theorem VII.2. 1 below) that all the primitive polyhedra are indeed images of 
momentum mappings of completely integrable torus actions^^^ 

Look once again at the example of P^(C) as a quotient of - {0} (this 
is one of the examples above). We consider the fan described above and shown 
in Figure 2. The closed fan E is just the first quadrant fan in with all the 

possible cones of dimension ^ n, so that Uj: is — {0}. The linear map 

7T : 

maps 6i to Xi and e^+i to — so that the torus K is the diagonal and 
Xs is indeed P^(C). What we aim to do now is to understand P^(C) with its 
reduced symplectic forms, in this context. 



which, together with the uniqueness theorem IV. 4. 20, constitute the classification theorem of 
Delzant [39]. 
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For this particular toric variety, let us make a few observations: 

(1) The complex space can be replaced by the compact noticing 

that X ]0, +oo[ ^ - 0. 

(2) The previous decomposition is compatible with that of as the product 

X ]0, +oo[, and thus P’^(C) is the quotient of by 

(3) Moreover, all this can be done in the Hamiltonian framework: the sphere 
is a level manifold of a momentum mapping and the projective space is its 
symplectic reduction. 

(4) Of the action of the torus on there remains a (Hamiltonian) 

T’^-action on the projective space, for which the image of the momentum 
mapping is the standard simplex in R’^. . . polyhedron, the associated fan 
of which is precisely the one we used to construct P’^(C) as a toric variety 
(see Figure 2)! 

Of course, the aim of this section is to generalize the above remarks to all 
toric manifolds. 

VII.2. a. Delzant’s existence theorem. 

Theorem VIL2.1. Let P be a primitive polyhedron in (R’^)^. Let E be the fan 
ofR^ associated with P. There exists, on the toric manifold X^, a symplectic 
form such that the action of the compact component of the big torus of Xy, is 
Hamiltonian and P is the image of the momentum mapping. 

Together with Theorem IV.4.20, this asserts the identity between primitive 
polyhedra and compact connected symplectic manifolds endowed with the inte- 
grable action of a torus. 

Proof of the theorem 

First step. Following Delzant [39], we describe the convex polyhedron P in (R’^)^ 
as the intersection of some n-dimensional affine subspace with the first quadrant 
in a big space (R^)^. 

Here N will be the number of facets of the polyhedron. We will write equa- 
tions of the hyperplanes spanned by these facets in the form 

{xi,(f) = Xi l^i^N 

where the vectors x^ G R’^ have been chosen integral, primitive and such that the 
polyhedron is 

P = {(pe (R")^ I {xi, (p) + 0,1 ^ N} . 

As above, we consider the projection 

rr:R^ 
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Figure 13 

which sends the vectors of the canonical basis to the x^’s and the dual inclusion 

Consider the affine space U\ through A = (Ai, . . . , Ajv) parallel to the image of 
in (R^)^, so that P can be considered as the intersection of IIa with the 
first quadrant, that is, with the image of the momentum mapping 

/i : > (R^)"" 

for the standard T^-action. 

Let us look now at the torus j : K G as above and at the momentum 
mapping 

-JG (R^)^ r. 

Let 77 = p{\). The projection p is the transpose of the injection j :i C R^, namely, 
V(y? G r,Va: e t, {p{(p),x) {tp,j{x)). 

The kernel p“^( 0 ) is thus the annihilator of t in R^, that is, *7r(R")'^, and p~^{r}) 
is the subspace parallel to *7 t(R”)^ through A, namely IIa, so that 

Notice that (jl is obviously proper, and we have assumed P to be compact, so that 
li'~^{rj) is compact. 

Let us prove now that the torus K acts freely on Fix a point 2; G 

C C^. Let I = {ii, . . . ,ir} be the set of indices of the coordinates of z 
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that are zero, 



Zi = 0 if and only if i G /. 



The intersection of the corresponding hyperplanes 



(X^i , (p) — 5 • • • ? — ^ir 

is not empty, and its intersection with P is not empty either, since /x(z) belongs 
to its image in U\. So that there is a vertex of the polyhedron in this intersec- 
tion and, by the primitivity assumption, there exist indices ir+i, • • • ,^n such that 
{xi ^ , . . . , is an integral basis of the lattice Z'^. The linear map 

7T : ^ R" 



is thus (of course, we could have to renumber coordinates) 

R" X R'= ^ R” 

6i I > 6i 1 ^ i ^ n 

6j I > Xj n P 1 ^ j ^ N. 

The kernel of tt is parametrized by 



(6i, . . . ,6fc) 



/ 



(^n+l ? • • • 5 ^iv) 



V 



/h\ 



\bj 



,6l, ... ,6/e 



gR 



N 



and of course the torus K = R^/Z^ is parametrized, as a subgroup of T = 
Riv/ziv, same formulae. 

Now the coordinates zi, . . . , Zjv of our point z are all nonzero, so that the 
stabilizer of this point is trivial. Hence we have proved that the K-action on (rj) 
is free. The quotient is a compact 2n-dimensional manifold W and it is endowed 
with a reduced symplectic form 

Moreover the Hamiltonian action of the n-dimensional torus Q = /K on 
descends to the quotient and so does the map fi. It takes values in the subspace 
Ha and its image is, by construction, the polyhedron P. 



Second step. Let us prove now that the manifold W is, indeed, the toric manifold 
Xs associated with the fan E defined by P. On the one hand, we have performed 
the quotient of the open set Uy: by the complex cone Kq (think of — {0} with 
the C'*'-action). On the other one, we have performed the quotient of the compact 
set by the compact torus K (think of with the S^-action). 

We need first to remark that //'“^(ry) is contained in 6/^, namely that, if 
z G /u'“^(ry) and Zi = 0 for all i e then the cone {xj G E. But this is exactly 
what we have done above in the proof of the freeness of the X-action. 

We follow now a general argument due to Kirwan ([85, Theorem 7.4]). Choose 
a metric on and consider the function / : R which, to z, associates the 
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real number \\lJ>'{z) — The function / is nonnegative and it is minimal on 
Its derivative is given by 

hence it vanishes at the points of //'~^(? 7 ) and at the points z such that ImT^/x' C 
(/x'(z) — 7 ])-^. . . but we have assumed that z G ZYs, where we know that K acts 
freely and thus, that /i' has maximal rank. So that our only critical points are the 
points of Hence for any z the gradient trajectory descending from z 

will reach a point in 

Let us calculate this gradient: 

(grad,/,X)-2((//'(z)-ry),T,/i'(X)) 

= 2 

= 2u),{ fi'{z)-r] ^,X) 

Hence grad^ / = — 2i//'(z) — 77 ^, where of course we have used the metric to iden- 
tify ii'{z) — rj with an element of t and underlining denotes as usual the associated 
fundamental vector field. Thus the gradient fiow consists of exponentials of ele- 
ments of it: this is the “imaginary part” of the torus Kq (the analogue of ] 0 , +oo[ 
in the torus C*). 

In particular, any gradient trajectory is included in a iiTc-orbit. From what 
we have said before, we derive that each i^c-orbit meets Let us now show 

that they meet along a unique K-orbit, that is to say that if z G //'“^(r/), then 
Kc • 2: n = K • z. 

Assuming that /j,'{g ‘ z) = rj for some g G Kc we shall show that we then 
have g ' z = k ’ z iox some k E K. As g'~^{r]) is A-invariant, we may assume that 
g = expiX for some A G L We thus want to check that g • z = z. 

Consider the function : R — > R defined by h{t) = ^'{{expitX) • z) • A. We 
have h{0) = h{l) = 77 - A and therefore h' must vanish between 0 and l:3to ^ [ 0 , 1 ] 
such that h'{to) = 0. But 

= i^y{iXy,X^) = ±\\Xj^ 

putting y = exp it A to save notation. For yo = expitoA, we thus have A^^ = 0 
and therefore exp it A fixes yo and z. □ 

Notice that the fan (namely the Ui's) determines the manifold, but this is the 
polyhedron (the A^’s) which determines its symplectic form. 
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Compactness of Xx;. In the case of a fan defined by a polyhedron P, we have 
expressed X x as ^{rj)/K where K was a compact group. For X x to be compact , 
it is thus necessary (and sufiicient) that is. 

On the other hand, and it is clear that is proper. 

We need thus only know when ^“^( 77 ) fllm(/i) is compact, but this is precisely the 
polyhedron under consideration. We have therefore proved that the toric manifold 
Xx is compact if and only if one of the polyhedra defining the fan S is compact. 
Taking Proposition VII. 1.4 into account, we thus also have proven: 

Proposition VIL2.2. The toric manifold X x associated with a convex polyhedron is 
compact if and only if the fan E is complete. □ 

Examples VIL2.3 

(1) Consider the triangle ABC in Figure 14. It is defined by the inequalities 




Figure 14 



Xi + Ai ^ 0, X2 + A2 ^ 0, ~{xi + X2) + A3 ^ 0. 

These inequalities define indeed a triangle if and only if Ai -f A2 + A3 > 0 . 
The linear map tt maps to for z = 1, 2 and 63 to —xi — X 2 - Thus the 
image of the transpose V is the plane x + y + z = 0 , while II a is the plane 

X y z = X\ X 2 X 3 

which does intersect the positive quadrant when Ai + A2 + A3 > 0. 

(2) Consider now the trapezium in Figure 15. It is defined by the inequalities 

Xi + Ai ^ 0 , X2 + A2 ^ 0 , ~{x\ + X2) T A3 ^ 0 , —X2 + A4 ^ 0 , 

which define a trapezium if and only if 

Ai “h A2 "h A3 > 0, A2 + A4 > 0, Ai + A3 > A4. 
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Figure 15 



The affine plane IIa C has equations 

x + y + z + t = AiH-A2 + A3, y + t = A2 + A4- 

VII.2.b. Polyhedra, line bundles. The next question is, of course, whether it 
is possible to associate, with any fan, polyhedra. 

Polyhedra. Using the construction in the proof of Theorem VII.2.1, we prove: 

Proposition VIL2.4. Let T, be a fan in R’^. Let C be the subset of consisting of 
the T]’s such that the intersection of with the first quadrant is a polyhedron, 

the associated fan of which is S . Then C is an open convex cone in V . 

Proof Consider a cone a of dimension n in the fan E. Call I (a) the set of indices 
(ii, . . . , in) such that the corresponding cones of the 1-skeleton generate a. Given 
A G R^, define a linear form by 

PaA^i) = ~^i Vi G I{cr). 

This defines a linear form on R’^, since the x^’s with i e I{a) constitute a basis of 
(the lattice in) R^. Hence we have a finite set of points 

C (R")^ 

According to the Krein-Milman theorem, the convex set 

Px^{tfe (R")'^ I ip{xi) + Xi ^0,1 ^i^N} 
is the convex hull of the set of (fa.x if and only if for all i and for all a, 

Tcr,X H" A^ ^ 0. 



Hence the set of A’s such that P\ is the convex hull of the pcr,x is a closed convex 
cone. □ 
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The boundary of the cone C consists of the A’s for which there exist an n-cone 
G and a vector X{ not in g (that is, i 0 1(g)) such that ^cj,\{xi) = — Au through 
the vertex corresponding to a, there are too many supporting hyperplanes. Here 
are two examples of this situation, continuations of Examples VII.2.3. 

Examples VIL2.5 

(1) In the case of the triangle, the map p : ^ is the projection 

(x,y,z) x-\-y-{- z. A real number is in the image of the set of (Ai , A 2 , A 3 ) 

such that Ai -}- A 2 + A 3 > 0 if and only if it is positive. The cone C is 
the positive half-line in this case. 

(2) In the case of the trapezium, the dimension of is 2, the map p : (R^)^ ^ 

sends (x, y, 2 :, t) to (u,v) = (x y z,y 1), so that the inequalities 

Ai + A2 + A3 > 0, A2 + A4 > 0, Ai + A3 > A4 

define the cone 

C = {(u^v) \ u > O^v > 0 and u> v] . 

This is suggested in Figure 16. Notice that, when the fat dotted line moves 
up, the polyhedron will change its shape (we shall be on the boundary 
of the cone C), becoming a triangle, then stop to be convex (we shall be 
outside C), the inequalities defining the empty set. 




1 



R 



n 





Figure 16 



In order that the interior of the cone C be nonempty, there must exist A = 
(Ai, . . . , Aiv) such that the points ipa,x of (R’^)^ are the vertices of their 

convex hull. This is not the case, for instance, for the fan described in Figure 17. 
This is a very classical example (see [ 38 ]). The fan consists of the convex cones on 
the triangles shown (this is a triangulation of a tetrahedron with a vertex cut oflF), 
the origin (vertex of the cones) is in the interior of the polyhedron. 

Let : R^ = |E1 R be a convex function such that 
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- it is linear on each n cone of S, but 

- distinct cones correspond to distinct linear forms. 

Such a function g is usually said to be strictly convex (as g is piecewise linear, it is 
not strictly convex in the usual sense, however, this terminology is very convenient 
in the present context, so that we will use it). The problem with the fan evoked 
in Figure 17 is that a convex function on such a fan cannot be strictly convex. 

Corollary VIL2.6. Let g : ^ R fee a strictly convex map, with respect to a 

smooth complete fan S. Then the convex set 

P = {9? e (R”)'^ I ^ g{xi)} 

is a convex compact polyhedron, the fan associated to which is H. □ 

Line bundles. It turns out (see [38, 30]) that integral strictly convex functions 
on E correspond to ample, and even to very ample line bundles on Xe- Recall 
that these are the line bundles which have enough sections so that the sections 
can be used to define an embedding of the toric variety Xe into a big projective 
space. . . and, by pull back, a Kahler form on it. 

This is completely coherent with the fact that the strictly convex functions 
are those which allow us to define a (reduced) symplectic form on Xe- 

In this paragraph, we consider all the complex line bundles £ Xe the 
total space of which are themselves toric manifolds. 

Let g : R’^ — > R be a continuous map satisfying the two properties: 

(1) This is the restriction of a linear map g^ on each n-cone a G 

(2) It takes integral values on |E| fl 

Remark VIL2.7. This is equivalent to requiring that g is the projection of an 
integral linear map, still denoted g : R^ R. We shall consider g sometimes as 
one and sometimes as the other. 

With such a map, we associate a fan E^ in R^+^ = R^ x R which is more 
or less the graph of ^ on E: 




VII.2. SYMPLECTIC REDUCTION AND CONVEX POLYHEDRA 



253 



(1) Put x[ = {xi,g{xi)) for 1 ^ i < AT and ^his defines the 

1-skeleton from 

(2) More generally, accept a cone {x'j as a member of when (and only when) 

j N -\-l ^ I and {xj G E 

= J U + 1} and {xj G E. 

Notice that the projection = Z'^ x Z ^ Z'^ defines a morphism from 
the fan Ep to the fan E and thus also a map ^ X^. 

Proposition VIL2,8. The toric variety is smooth if and only if Xy, is. It is 
endowed with a natural map 

Xy, > Xe 

which makes it a complex line bundle over Xy- 

Proof The former assertion follows immediately from Proposition VII. 1.14, since 
E^ is obviously complete if and only if E is. To prove the latter, consider carefully 
the open subset UYg of 

We,=C«+‘- U e, 

and notice that 

X C. 

Indeed, 

Z^Eg=C^+'- U fj, 

{x'j 

where we have called / = (ei, . . . , cn, /v+i) the canonical basis. Now 

, , y / / C {1, . . . , and {xj € T, fj = ej x C 

9 \ = J U {AT + 1} and {xj eY, ^ fj = ej x 0 

and therefore 

UYg = {ej X OjJej X C) 

— e j X C 

= UyxC. 

Let us now construct the complex torus K' associated with the fan E^: 

0 ^ K' > X Z Z” X Z 

where 7r'(a, 6) = (7r(a),^(a) + 6), that is, 

K' = {(a, b) I 7r(a) = 0 and b = —9{a)} 
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and the map 

K > K' 

a I > (a, -g{a)) 

is an isomorphism. The complex torus Kq C = Tq x C* is the isomorphic 

image of Kc by the restriction of 

Tg > X C* 

t I > {t,g{t)-'^) 

where g is the multiplicative avatar of the linear map g. In other words, the Kq- 
action on may be identified with that of Kq on ZYs x Cby 

u- {x,y) = {u-x,g{u)~^y). 

Taking quotients of both sides gives the announced line bundle: 



ZYeo =Ue X C ■ 






□ 



K'c 

X, 



Kc 









Example VII.2,9, In the case where E is the fan describing P^(C) (that of Figure 2), 
if we define 



g : ^ Z 



hy = 0 for 1 ^ 2 ^ n and g(en+i) = m, we get the bundle 0(— m) (see § VI.5). 
For n = 1, Figure 18 shows the bundles 0(— 1) and 0(1) over P^(C). Looking back 





Figure 18 

at the example illustrated by Figure 10 (Examples VII. 1.18), notice that there is 
a map P^(C) — > 0{m) induced by a morphism of fans if and only if m ^ 0. . . 
and this is indeed the condition under which the bundle 0(m) has a holomorphic 
section. 
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Remark VIL2.10. If (f is already a linear map on Z’^, the bundle obtained is trivial. 
Indeed, the bundle associated with (/:? = 0 is trivial, since the torus Kq does not 
act on the factor C in this case. Then, for (f G (Z’^)'^, define ^ : Z^ x Z — > Z’^ x Z 
by (a, b) (a, 6 + ^{a)) and remark that the map ^ defines an isomorphism from 
Eo onto and thus an isomorphism from onto over Xe- 

We may thus consider that we have defined a map ^ Xe^ from the set 
of all linear maps Z^ ^ Z (modulo those Z'^ Z) into the set of isomorphism 
classes of Q-invariant complex line bundles over Xe- 

The space (Z^)^/(Z’^)^ is just K^. As to the set of line bundles, and although 
we did not require any analyticity, we might call it Picg(XE). 

The map in question is a morphism of groups; if gi, g 2 G (Z^)'^, the group 
Kc acts on We X C 

- using 6fi byu-i {x,y) = {u ■ x,gi{u)~'^y), 

- using Q 2 by u -2 (x,y) = (u ■ x,g 2 (u)~^y), 

- and using gi + 52 by 

u-(x,y) = (u-x,(gi(u)g 2 (u))~^y), 

which correspond to the tensor product of line bundles (this is where the 
group structure on Picg(XE) comes from). 

Composing with the Euler class, we get a group morphism 

> PicQ(Xs) . H^(Xs; Z) 

which is just the isomorphism of Proposition VII.1.15. 

VII.2.C. Polyhedra as projections. In the construction of Delzant above, we 
have used the fact that any convex polyhedron is the intersection of the “first 
quadrant” cone with some affine subspace. A different viewpoint is to consider 
the polyhedron as the projection of a big simplex. I describe this idea now and 
show that this leads to a description of toric manifolds which we have already met 
(in § IV.4.g) in connection with the proof of Kushnirenko’s theorem. 

As A2 es ^2 




To simplify the exposition, let us assume here that P is a compact convex 
polyhedron with integral vertices in (R’^)^. Let m be the number of its vertices. 
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denoted Aq^. . . , Am-i and let ^ be the standard simplex, the vertices of which 
are (0, ei, . . . , em-i) in Notice that m — Let 

jy . ^ 

be the integral affine map defined by /^(O) = Aq, for 1 ^ i ^ m - 1. 

It maps the simplex to the convex hull of the A^’s, namely onto P (see 

Figure 19). Choose the origin of (Z’^)^ at Aq and consider the transpose of 
still an integral map 

/ : . R^-^ 

and the map it induces at the level of tori, still denoted /, 

f :T^ = R^/Z^ > R^"7Z^"^ = rpm-i^ 

We know that A"^”^ is the image of the momentum mapping 

/x:P^"7C) 

associated with the T’^“Laction, so that P is the image of the same by 

the momentum mapping 

/i':P^~7C) 

associated with the T^-action. Let us now consider the fan E = Ep defined by the 
polyhedron P. 

Lemma VII.2.11. The integral map f defines a morphism of fans from Up to the 
fan Ea associated with the simplex 

Proof Recall from Proposition VII. 1.3 that the vertices of the polyhedron corre- 
spond to the cones of maximal dimension in the fan (and in particular, m is the 
number of dimension-n cones). Let A be a vertex of P and s a vertex of A 

such that f^{s) = A. By convexity, we have also the inclusion 

r{Ts) C Ta 

(the r’s are the tangent cones). Dualizing, we get 

firDcr:. 

Hence the cones of dimension n of E are all mapped into cones of Ea- As the fan E 
is complete, all its cones are subcones of cones of dimension n, so that / is indeed 
a morphism of fans. □ 

Hence, / defines a map 

Xe >p^"7c) 

and our polyhedron is the image of Xe under p' . Notice that, if P is primitive, E 
is a smooth fan. This is an alternative way to construct a symplectic manifold the 
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image of which is the polyhedron P (at least if the latter has integral vertices). 
Notice that, by construction, is the big torus of Xs. 

I also want to check that the construction of the “manifold” F 5 in § IV.4.g 
gives, indeed, a toric manifold X^. Recall that Vs was constructed as the closure 
of the orbit of the point G P^“^(C) under the action of a complex 

torus. This construction is the same as we explained just above: starting from 
q;o, . . • , o;m-i ^ we have constructed 

JV . ^ 

6i I > ai - ao, 

then we have looked at the dual map / at the torus level, namely at 

y . fpn ^ ijyrn—1 

U I > . . . , U^rn-l-OLo^^ 

and eventually we have looked at its action on P’^“^(C) as a subgroup of 
namely, as 

U- [zo,...,Zm-l] = [zo,U°‘^~°‘^ Zi, . . . Zm~l] 

Then we have defined F 5 as the closure of the orbit of the point [!,...,!] under 
the complexified torus T^. According to our previous constructions, this closure 
must be the toric manifold Notice that there is no reason why the convex 
hull S of the points ao, . . . ,o^m-i should be a primitive polyhedron, so that our 
fan E and our toric “manifold” can perfectly well not be smooth. 



VII. 3. Cohomology of Xs 

Vll.S.a. Euler classes of line bundles and reduced symplectic forms. 

We have an isomorphism 

given by the Euler class of the principal /fc-bundle, and H‘^{BK;Z) can be con- 
sidered as the integral lattice in V. Now, to any complex line bundle on X^ is 
associated an element of i/^(Xx:; Z), while, with any polyhedron P, we have asso- 
ciated a symplectic form ujr^ and, in particular, a cohomology class in P^(Xx:; R). 
Recall from Proposition VII.2.4 that C cV denotes the open cone of elements rj 
corresponding to polyhedra. 

Proposition VIL3,L The Euler class of the complex line bundle defined by the 
strictly convex integral function g ^ C cV is the cohomology class of the reduced 
symplectic form associated with the integral polyhedron corresponding with g. 
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Corollary VIL3.2 (Delzant [ 39 ]). The map 

c >h\Xe-,r) 

77 1 > [w^] 

extends to a linear isomorphism 

r 

the restriction to the integral lattice of which coincides with the isomorphism 

H\BK-,Z) . H^{X^;R) 

given by the Euler class of the principal bundle Xj:. 

Proof of the proposition. Once a basis of K is chosen, we may write the torus Kq 
as a product of k factors C"*". We know that a Z-basis of Z) is constituted 

with the k components of the Euler class of the principal Kc-bundle -X’s- 
Let g be an integral element in t"*" and rj = g\t E he its projection, such 
that rj G Call a (— dz/z) the volume form on S^. Consider the principal 

S^-bundle which is the circle bundle of 

XSg Xe 

(the vertical arrows are the quotients by the dimension- A: compact tori X', K). 

On ii'~^{rj) X S^, a 0 a is a connection 1-form for the trivial bundle repre- 
sented by the upper horizontal arrow. The torus K' acts on x with the 

fundamental vector fields (F, — 77 (F)). In particular, 

VF G 8, iyioL 0 (j) = iy_a - 77(F) = 0 

and therefore a 0 a descends to the quotient and gives a 1-form of connection 
on Xe^ . Its curvature form., the cohomology class of which is the Euler class of 
Xe^ Xe, is the reduced symplectic form Ur^. □ 

Proof of the corollary. The convex open cone /x'(Z^e) generates by definition. 
Moreover, the map 77 1 -^ is affine according to the Duistermaat-Heckman 
theorem (see Theorem VI.2.3), thus there is no difficulty to extend it as an affine 
map 

r >H^{X^;R). 

It suffices now to apply the previous proposition together with Theorem VI.2.3 to 
see that the “slope” of this map is given by a Z-basis of \ Z). It therefore 

cannot avoid being a diffeomorphism. □ 
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Corollary VIL3J. Assume S is smooth and complete. Let ui be the Euler class of 
the complex line bundle over which is associated with e\ G (Z^)^. The group 
Z) is the commutative group generated by (ui, . . . ^un), with the relations 

\i=l J 

Proof. We have an explicit description of and of the above isomorphism: 

0 >(Z"F .0. □ 

VII.3. b. The cohomology ring. Assume now that the toric manifold is 
described by a polyhedron P C q"*": we fix a Q-invariant symplectic form on Xx: 
and look at the corresponding momentum mapping 

: Xx ^ q"*". 

Choosing a vector X G q, we get a Morse function 

Px • Xx ^ R 

X I > {p{x),X)). 

As in Chapter IV, the critical points of px correspond to the vertices of the 
polyhedron (and maybe one or two edges). Choosing X generically, all the critical 
points are isolated. Any vertex can be given an index (relative to X). This is the 
number of edges starting from this vertex with a directing vector (f such that 
(f{X) < 0 (we call these edges descending edges). For instance, in Figure 20, the 
vertex A has index 0, B has index 1, C has index 2 and D has index 3. 



D 




Recall that our polyhedron is primitive and in particular simple, so that the 
number of descending edges of any vertex is the dimension of the face these edges 
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generate. For instance, in Figure 20, the shaded face corresponds to the negative 
bundle at the critical point corresponding to the vertex C. 

Proposition VIL3.4. Let M be a vertex of the polyhedron P, corresponding to the 
critical point m of fix- The index of m as a critical point of px is twice the index 
of M relative to X as a vertex of the polyhedron. □ 

Hence, the integral homology of Xs consists of classes represented by the 
faces of the polyhedron. Recall that the faces of dimension kof P correspond to the 
cones of codimension fc of S and to submanifolds of Xe of complex dimension k. 
Moreover the intersections of these submanifolds are given by 

X crDr — X (j n X^- 

so that we get all the cohomology classes from the degree-2 ones and we have 
proved: 



Theorem VIL3.5. Assume E is the smooth and complete fan corresponding to a 
polyhedron P. The group Z) is a free Abelian group of rank the number an 

of cones of dimension n in E, this number being the Euler characteristic of Xy, 
as well. 

The cohomology ring H^{Xy] Z) is generated by its classes of degree 2. □ 

Corollary VII.3.6. IfT. is the smooth and complete fan corresponding to a polyhe- 
dron P, the composition 

H^{BT; Z) ^ H%BK] Z) ^ H^{Xy] Z) 

is a surjective ring homomorphism. □ 

Notice that, if we had taken care of the algebraicity questions, we would have 
also proved: 



Corollary VIL3.7. If^ is the smooth and complete fan corresponding to a polyhe- 
dron P, the natural map from the Chow ring to the cohomology 

A"(Xe) >H^{Xy;Z) 



is a surjective ring homomorphism. 



□ 



Being slightly more careful, it is possible to describe completely the cohomol- 
ogy ring. 

Theorem VIL3.8. The cohomology ring (XytZ) is isomorphic with the quo- 
tient Z[ui, . . . , lAivJ/p + 3); where 3 is the ideal generated by the linear rela- 
tions (^g{ci)ui = 3 that generated by the monomials such that 

{xi ^ E. 
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Example VIL3.9. Consider the fan S defining the complex projective space P’^(C) 
(see Example (4), page 236). The linear map Z'^ maps the first n vectors 

of the canonical basis to ei, . . . , and the last to so that the dual map 

{Z^y ^ {Z^^^y is Hence ff2(p^(C); Z) is isomorphic to Z (as 

expected!), generated by any of the Ui (corresponding to the 1-skeleton). Now, to 
get the cohomology ring, we must look at the ideal 3. namely we must look at the 
monomials for {xi^ . . . Xi^ ^ S. The only such cone is {xi . . , Xn+i, so 

that 3 is generated by • • • itn+i and Theorem VII. 3. 8 asserts, in this case, that 

i?*(P"(C);Z) ^ Z[ui,...,Un+i]/{ui + •■ • + M„+1,U1 • ••U„+l) 
as expected. 

Remark VIL3.10. Theorem VII.3.8 is due, in principle, to Jurkiewicz [79] in the 
projective case and to Danilov [38] in the general case. However, the proof we give 
here relies on a previous work by Ehlers [45], who was smart enough to imagine 
and construct a cellular decomposition, the very same cellular decomposition we 
have here (associated to the Morse function px) without even needing a Morse 
function! 

(Half-) Proof of Theorem VII.3.8. Recall that we have a natural ring homomor- 
phism 

H^BT, Z) ^ Z[uu ...,un] > nyx,:; Z) 

which maps Ui to the class corresponding to the cone {xi. 

Of course, the ideal 3 is contained in the kernel and the ideal 3 as well, 
since {xj ^ E means exactly that the facets corresponding to the i^ ’s in I do not 
intersect. Hence we have a surjective ring homomorphism 

z[^i, . . . , 7iiv]/(3 + 3) > z). 

To prove the theorem, the only thing which is left to do is to check that 
Z[r^i, . . . ,iaat]/3 + 3 is a free Abelian group of the same rank as i7^(Xs; Z), 
namely of rank This is a pure algebra question, which is solved in [38]. □ 

Remark VIL3.1L The statement of Theorem VII.3.8 can be given an equivari- 
ant cohomology interpretation. According to Remark VI.3.17, HqXy, is the free 
BQ-module generated by H^Xy,. It is not hard to check that ET Xq Xy and 
ET XtUy have the same homotopy type, so that i/g(Xx;,Z) is an i/*(HT)- 
module. Thus we have ring homomorphisms 

H^BT) . H^q{Xy) ^ H^Xy) 

Z[ui , . . . , un] ^ Z[tzi, . . . , ux]/Z ^ Z[ixi, . . . , un ]/ (3 -f 3) 

another interpretation of the two ideals 3 and 3- 
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Remark VIL3.12. The class ui + - • + un is the first Chern class of the toric 
manifold Xe (this is proved in Exercise VII. 14), which is thus the dual class to 
the divisor represented by the sum of all the facets of the polyhedron. 



VII.4. Complex toric surfaces 

In this section, we describe all the compact complex toric surfaces. A reason to do 
so is that we shall need the result in § VIII.2.C. The description is very simple: 

Theorem VIL4.1 (Oda [113]). Any compact complex toric surface is obtained from 
P^(C) or from a Hirzebruch surface by a finite sequence of blowing ups. 



The fans. In dimension 2, a fan is well-defined once we know its 1-skeleton, and 
thus is given by a family of N primitive vectors (xi, . . . ,xat) of (indices are 
considered as if in Z/N) such that all the (xi_i,x^) are Z-bases with the same 
orientation. The cones of dimension 2 are then the {xi-i^i. Writing the direct basis 
(xi+i,Xi) in terms of the direct basis (xi,Xi_i), notice that 

— Xi — 2 nfliXi 

for some integer m^. To give a fan is thus equivalent to giving the integers 
(mi, . . . ,miv)- Every cone of dimension 1 defines a P^(C) in our toric surface. 
The integer mi is the Euler class of the normal bundle to the P^(C) corresponding 
to the cone generated by xi. 




Figure 21 
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Fans with N = 3. We have three vectors xq, xi and X 2 . Writing 

— Xi—\ “h TTliXij 



we get 



Xo = -Xi + rri2X2 

= -Xi + rri 2 {-xo + miXi) 

= (mim2 - l)xi - m2XQ. 

Thus rri 2 = —I and mi = —1 as well. There is only one fan with three cones in its 
1-skeleton, this is the fan shown in Figure 2 page 227, and the toric surface is the 
projective plane. 

Fans with N = A. As above, the four vectors xq, xi, X 2 and X 3 must satisfy 

X 3 == -xi + rri2X2 

= -xi + m2(-Xo + miXi) 

= -m2Xo + (mim2 - l)xi 

and the determinant of X 3 and Xo (in this order) is equal to 1 , that is, 

-17111712 + 1 = 1, 

so that mi or m 2 is zero. The 1-skeleton of our fan is 

! X 2 = -Xo \X2 = -Xo + miXi 

or \ 

X3 = -Xi + m2X2 [X3 = -Xi 

and the toric surface is a Hirzebruch surface. 

The general case. To prove Theorem VII.4. 1, it is thus sufficient to prove the 
next lemma. 

Lemma VIL4.2. For N ^ 5, at least one of the rui ’s is equal to 1. 

Proof. We first prove that there are, in two opposite vectors. This is based on 
the following sublemma. 

Sublemma VIL4.3. Assume (u, u') and (u,u') are two direct bases ofTP. Then, ifv 
is in the interior of the cone generated by u and u' and v' in the cone generated 
by u' and —u, then v' = u' or v' = —u. 



This sublemma forbids situations shown in Figure 22 (the situation depicted 
on the right is the sublemma applied to the bases (u', —u) and {v,v')). 
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Figure 22 



Proof of the sublemma. We write 

i y = au-\- o!u! 

y' = b'u' 

for some integers a, a' ^ 1, 6 and b' > 0. The determinant of {v^ v') is ab'-\-ba' = 1, 
so that b or 6' must be zero. □ 

Let us proceed with the proof of the lemma. Assume that there are no indices 
i and j such that Xi + Xj = 0. We can number the vectors Xi's so that, starting 
from xi, more than half of them appear before —xi (and -xi ^ xi for all i). Let 
Xj be the last vector before -xi. We have j > 2 and 

Xj^i / —xi and — 

Applying the sublemma to the bases {u^u') = (x 2 , —xi) and we deduce 

that Xj+i cannot lie between -xi and -X 2 - By convexity, it must be strictly 
between -X2 and —Xj. This is shown in the right part of Figure 23. The left part 




XN 



Xj 




Figure 23 
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of the same figure shows what happens between X 2 and — xi, where we find not 
only the vectors X 2 , . . . , Xj but also -Xj+i , . . . , -Xjv and -xi (these are the dotted 
vectors), N distinct vectors. Now, there is certainly a plain vector between two 
dotted ones, a contradiction with our sublemma. 

Hence, there must be two opposite vectors among the generators of the 1 - 
skeleton of the fan. Renumber the vectors so that Xi = — xq (for i ^ 3). Now 
express all the vectors Xj’s in the basis (xo,xi): 

Xj = -bjXo + b'jXi 

and define 

Ci = bi b'^. 

We have Ci = 1 since bi = 1 and 6 ' = 0. Moreover, since (xi,X 2 ) is a direct basis, 
we must have 62 = 1 , and we can assume that 2 : if this is 0 , then X 2 = — xq 
which is not, and if this is 1 , X 2 = — xq + xi and this is what we wanted to find. 
Hence we can assume that C 2 ^ 3. As we also have q = 1 , there is an index j <i 
such that 

icj-i ^ Cj 
< Cj. 

The claim is now that, for this rrij = 1. Indeed, we have 

- 6,-16' =1, 

which implies both that 

+ ^'j+i) ~ + bj+i.) - 0 

and that bj and 6 ' are relatively prime. Hence there exists an integer A such that 



|6'_,+6'^,=A6' 

[6,_i + 6,+i = Xbj. 

Now, let us use the property of c, defining the index j : 

2cj > Cj_i + c,+i = 6^1 + 6,-1 + 6'_|_i + 6,+i = \{bj + 6') 

Hence A = 1, 

f ^3 = ^j-l + 6j+i 
\6'=6'_i+6Ai 

and m, = 1. 



Ac,. 



□ 
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Of course, one can also describe the fan of a toric surface by a weighted 
graph. This is done in [113] and [30] and this was repeated in [14]. The ver- 
tices of the graph correspond to the 2-dimensional cones of the fan, the edges 
to the 1-dimensional cones and there is a weight on each vertex, the correspond- 
ing rrii. For instance. Figure 24 shows the graphs corresponding, respectively to 
P^(C), P^{C) X P^(C), P^(C) and, more generally, to the Hirzebruch surface Wk> 
Although it depends on the choice of a symplectic form, I prefer the combinatorial 
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Figure 24 

picture given by a polygon associated with the fan as in § Vll.l.a. The same four 
pictures become the pictures in Figure 25. Notice that the Euler class rui of the 




Figure 25 

normal bundle to a P^(C) corresponding to the cone generated by which is a 
weight on the graph, is just a slope in the polygon: two consecutive edges of our 
primitive polygon are generated by a basis of Z^, write the generator of the next 
edge in this basis, you get a relative slope, which is just m^. 



Exercises 

Exercise VILl. Let P be the rectangle a^x^6, c^y^dinR^. Determine the 
tangent cones to P and their duals. 

Exercise VIL2. Let E and E' be two fans. Prove that the cones a x a', where a G E, 
<j' G E', form a fan E x E'. Prove that 



-X’sxE' = -X’s X Xe'. 
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Exercise VIL3. Let P be a convex polyhedron with integral vertices in R^. Assume 
that 0 is an interior point of P. For any face F of P, let rp be the cone over this 
face 

tf = {rx I X G P, r ^ 0} . 

Prove that the rp^s constitute a complete fan. 

Exercise VIL4. Let P be a convex polyhedron in Let 

= {v elC' \ g{v) ^ -1 for all g ^ P} . 

Prove that P° is a convex polyhedron — called the polar polyhedron of P. Assume 
P is rational (has vertices in Q’^). Prove that P° is rational too. What is the 
polar polyhedron of the octahedron P with vertices at (±1,0,0), (0, ±1,0) and 
( 0 , 0 , ± 1 )? 

Exercise VIL5. What are the toric varieties associated with the fans shown in 
Figure 26? 






Figure 26 



Exercise VIL6. Let a, b be two relatively prime integers. Consider the cone a in 
R^ generated by e\ and aei ± 6 e 2 - Prove that the toric manifold is smooth if 
and only if 6 = ±1. In the general case, prove that Up, = and that the group 
K is the cyclic subgroup of generated by 

2i'ira\ ( 

and that X^j can be identified with the surface of equation 

z'' = in 



exp 



Consider now the map 



/:Z2 



T? 

(x,by). 
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Check that / maps the cone 

a' = {Aei + /i(aei + 62) | A, // > 0 } 

to the cone a and that it defines morphisms _ 

/ / 
a > (j and X(j> — - — > 

Identify and show that / is a “desingularization” of 



Exercise VIL7. Let S be the complete fan, the 1-skeleton of which is generated by 
the vectors ei, 62 and —kei — ie2 in R^. Prove that Xe is a weighted projective 
space (see Exercise III. 18). 

Exercise VII. 8. Let 

k 

= 0 

i=l 

be an equation in the complex variable z. Determine the number of its nonzero 
solutions for general values of the c^’s and compare to what Kushnirenko’s theo- 
rem predicts (this example is mentioned in the introduction to this book, page 4). 
Determine Vs and V 5 (this is a rational curve) and the corresponding toric man- 
ifold Xe. 



Exercise VIL9. Consider the two equations 

f E?=0 = 0 

\Ej=0 4 ~ ® 

in the complex variables zi and Z 2 . Determine the number of nonzero solutions of 
this system for general values of the a^’s and the 6 /s. What are S and 5? Compare 
to what Kushnirenko’s theorem predicts. What is the fan E associated with 5? 
When is it smooth? Prove that, in general, Xe is a weighted projective space (see 
Exercises III. 18 and VII. 7). 

Exercise VILIO. Prove that the integers mi , . . . , miv that define the fan of a smooth 
compact toric surface are related by 

Prove that they must also satisfy the equation 

mi -h h rriN = 3V ~ 12 

(hint: this is a consequence of Theorem VII.4.1). Conversely, prove that any se- 
quence of integers satisfying the two relations above comes from a smooth compact 
toric surface. 
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Exercise VILIL Consider the fan describing P^(C) (right part of Figure 7 page 237, 
with a = 1 ) and use it to compute the cohomology of P^(C), via Theorem VII.3.8 
(check your result, looking back at page 215). 

Exercise VIL12. Let be the toric surface associated with a smooth complete 
fan E. Number the primitive vectors of the 1-skeleton modulo X, in such a way 
that the cones of dimension 2 are the {xiXi-^i. Recall that then, 

Xi — \ *i“ TfliXi 

for some integer rrii. We consider the ideals 3 and 3 as in Theorem VII.3.8. 

Description of the ideal 3 (relations in Write the projection map 

Z^, using the basis {xi-i^Xi) of Z^. Check that the ideal 3 is generated by 
two elements of the form 

( vi = a\Ui + • • • + ai-2Ui-2 + Ui-i — UiJ^i + aiJ^2"^i-^2 + • • • + a^UN 
\ i;2 = bi'^i + • • * + hi-2Ui-2 T + miUij^i -h hiJ^2'^i-^2 + * • • + bNUjsf. 

Description of the ideal 3 (multiplicative structure of H'^{X^]Z)). Check that 3 
is generated by the monomials UmUn for nonconsecutive (modulo N) integers m 
and n. What does the fact that UiVi = 0 mean? And the fact that uiV 2 = 0? 

Exercise VII. 13 (The Betti numbers of X^). Consider, as in § VII.3.b, a polytope P 
of dimension n, the associated fan of which is smooth and complete, and a vector 
X, with respect to which the vertices of P have indices. Let Ok be the number 
of faces of dimension fc of P and let (3k be the number of its vertices of index k. 
Counting the faces of dimension fc, prove that 




If a{t) = /^(^) ^ check that P{t + 1) = aft) and deduce 

that 

i=k ^ ^ 

Prove that the Betti numbers 62 /c = rkiif^^(XE; Z) satisfy the formula 

Check that the Euler characteristic x(-^s) is Un, as stated in Theorem VII.3.5. 

Exercise VIL14 (Tangent bundle and Chern classes of X^). We consider a polyhe- 
dron, the associated fan E C R’^, assumed to be smooth and complete, and the 
corresponding fibration 

Xs. 



7T : 
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Using standard coordinates (zi, . . . , zn) on ZYs C C^, we define N vector fields 
vi,...,vn on Xe by 

d 

Vi = ioT 1 ^ N. 

OZi 

What are the relations between the visl Recall that the linear form G (Z)'^ 
defines a line bundle Li on Xe, the first Chern class of which is Ui (notation of 
Corollary VII.3.3). Prove that the formula^^) 

V?(((7i,...,aiv)7r(z)) = 7T* 

(the (j^’s are sections of the L^’s) defines a surjective morphism of vector bundles 
over Xe, 

(/? : Li © • • • 0 Liv ^ TXe, 

the kernel of which is the trivial bundle (K © C) x Xe- Deduce that the total 
Chern class of Xe is 

N 

c{X,:) = l[{l + Ui). 

i=l 

In particular, as announced in Remark VII.3.12, the first Chern class is 

ci(Xe) = ui-{ h un- 

Check that the formula also gives that 

(c„(Xs,[Xs]) = x(^s)=a„ 
as determined in Theorem VII.3.5 and Exercise VII. 13. 



^^^This proof is a simple generalization of the usual description of the tangent bundle to the 
complex projective space, see [60, p. 409]. 




CHAPTER VIII 



HAMILTONIAN CIRCLE ACTIONS ON MANIFOLDS 

OF DIMENSION 4 



In this chapter, we will investigate symplectic 4-manifolds endowed with Hamil- 
tonian circle actions. Together with what was done in the previous chapters, this 
will give us a rather complete description of all the compact symplectic manifolds 
endowed with a Hamiltonian group action. 

To investigate Hamiltonian group actions on 4-manifolds, we need only to 
focus on the cases of the groups S^, T^, SO(3) and SU(2). There are of course 
symplectic and even Hamiltonian actions of bigger groups on 4-manifolds. For 
instance, in the same way as SO(3) acts on the sphere (or SU(2) on P^(C)), 
SO(4) acts on x (see Exercise 1.20). However, if the group acting is semi- 
simple, we know that the action will be Hamiltonian and we will be very happy if 
the momentum mapping is submersive somewhere. But we must then have, for a 
maximal torus T of our group G, 

dimG + dimT ^ 4, 

so that we are left with the groups SO (3) and SU(2). For tori, the same argument 
leaves us the groups and T^. 

We have already mentioned the classification theorem of Iglesias [ 70 ] in § IV.5. 
This theorem gives a complete symplectic classification of manifolds of dimension 4 
endowed with an SO(3)-action (this result was quoted here in Exercise IV. 18). 
The case of SU(2)-actions, which is completely analogous (although simpler) was 
explained in §IV.5. A few years after Iglesias’ theorem came the general result of 
Delzant [ 39 ] (here Theorems IV.4.20 and VII. 2.1) on T^-actions on 2n-dimensional 
manifolds, including the case of 4-manifolds endowed with Hamiltonian T^-actions. 

The case of -actions, to which this chapter is devoted, is somewhat 
different, as the inequality above is strict. On the topological side, all the 
S^-actions on 4-manifolds were classified by Fintushel [ 48 ] a long time ago^^^. 
Of course the symplectic (and even more: Hamiltonian) character of the actions 



There are of course a lot of 4-manifolds with -action which do not admit an invariant 
symplectic form; to be convinced of this, the reader needs only to look at the “list” of S^- 
manifolds of dimension 4 given by Fintushel [48] and Exercises VIII. 12 and VIII. 13. 
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under consideration here changes the landscape, mainly because, as we have 
already said, one can use Morse theory to study the fixed points. Free (principal) 
actions were investigated in detail by Bouyakoub [26]. It is reasonable to think 
that fixed point free actions may be handled in grosso modo the same pattern. 
Of course these actions do not have the ghost of a chance to be Hamiltonian 
(all the manifolds we will consider are compact). A very beautiful application 
of the fiber connectedness theorem (Corollary IV.3.2) and of other tricks was 
given by McDuff [103]: in dimension 4, an S^-action is Hamiltonian if and only 
if it has fixed points. These methods allowed the author to give a list of those 
4- manifolds which may be given a symplectic form invariant by an -action 
with at least one fixed point [13]; a somewhat longer and less geometrical proof 
of these results independently appeared in [1]. Since then, Karshon [83] gave a 
symplectic classification theorem. 

We will present these results in this chapter. 



VIII.l. Symplectic S^-actions, generalities 

The first question is whether a given symplectic S^-action is, or is not, Hamiltonian. 

VIII.l. a. Characterization of those circle actions that are Hamiltonian. 

In the paper [51] which we already met in Chapter IV, Frankel also showed, 
using Hodge theory, that, on a Kdhler manifold^^\ a circle action preserving the 
Kahler form is Hamiltonian if and only if it has a fixed point. The same is true for 
symplectic actions on 4-manifolds, according to a beautiful theorem of McDuff. 

Theorem VIILl.l (McDuff [103]). Let {W,Lu) be a compact symplectic manifold 
of dimension 4, endowed with an -action which preserves the symplectic form. 
Then, 

— either the action has no fixed points and W is the total space of a bundle 
over S^, 

- or it has at least one fixed point, and then it is Hamiltonian. 

Remark VIILl.l. The fact that, if there are no fixed points, the manifold should 
be fibered over the circle is part — at least when the action is free — of a theorem 
of Bouyakoub [26] . 

Proof Let us first list the steps in the proof. We will show that: 

(1) It suffices to investigate the case where the cohomology class of the form 
[cj] is integral. 



the definition in §11.2. b. 
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(2) In this case, there exists a map h, taking values in S\ which generalizes the 
momentum mapping and has all the properties of a periodic Hamiltonian 
(from the Morse theoretical viewpoint). 

(3) Assuming the action is not Hamiltonian, one deduces, by an argument sim- 
ilar to Theorem IV.3.1, that h has no local extrema. 

(4) By a nice argument {a la Duistermaat-Heckman with singularities, as 
in § VI.2.c) using Euler classes of Seifert manifolds (§I.3.d), one shows that 
there is no critical point at all. 

First step. The set of all invariant symplectic forms 77 such that the 1-form ixrj 
is exact is a closed subset in the set of all invariant symplectic forms. On the 
other hand, as close to uj as one wants, there is an invariant symplectic form the 
cohomology class of which is rational. Hence we get the existence of an invariant 
rational symplectic form a;', such that, if is not exact, then ixoj' is not either. 
As u' is rational, we just have to multiply it by a large enough integer N to give 
it an integral cohomology class. Of course, it stays symplectic, and ix{N(ju') is as 
exact as ix^' is. Hence there exists a Hamiltonian for 00 if and only if there exists 
one for Nu'. Rename Nou' as a;. □ 

Second step. As the cohomology class of u is integral, that of the closed 1-form 
ixuj is integral as well: if C is any 1-cycle, then (p{C), got by pushing C with the 
S^-action, is a 2-cycle, and we have 




(for the agnostics, this is proved in Exercise VIII.l). For any xq (fixed) in IT, the 
values of 

fX 

h{x) = / ixoj 

Jxo 

are thus well-defined modulo Z, and this defines a map h : W ^ H/Z = which 
satisfies 

dt = ix^' 

The map h has the very same properties as a periodic Hamiltonian: restricted 
to any W—h~^{to), this is a periodic Hamiltonian. In particular, Frankel’s theorem 
(Theorem IV.2.3) applies in this (slightly more general) situation. □ 

Third step. Suppose that the action is not Hamiltonian. Then h is surjective. From 
Frankel’s theorem, one derives, as in the proof of Theorem IV.3.1, that the number 
of connected components of the fibers of h is constant: it may only change by 
critical submanifolds of index 1 or n — 1. . . which do not appear here, because all 
have even indices. If h is surjective, there is no local extremum. □ 
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Fourth step. Let us now use the fact that our manifold has dimension 4. We enu- 
merate the possibilities for the critical submanifolds, their dimensions and indices. 
The critical submanifolds are symplectic, hence even dimensional, so that they are 
either surfaces or isolated points. The index of any critical surface, being even, 
may only be 0 or 2, so the critical surfaces are extrema, but we have just proved 
that there were no extrema. We are left with isolated critical points, the indices of 
which cannot be 0 or 4. . . in short: the map h has, at most, isolated critical points 
of index 2. 

Near such a point, the action may be linearized as usual: 
u- {x,y) = {u^x,u~^y) 

where u G S^, (x,y) G C^, and p and q are nonnegative integers which we shall 
assume to be relatively prime (reducing to the case of an effective action). 

Consider two regular values a and b of h between which there is only one 
critical value c. The fibers Va and VJ, are 3-dimensional submanifolds of W, each 
endowed with an action of without fixed points, since the vector field X does 
not vanish on the regular levels. Hence, Va and Vb are Seifert manifolds, exactly 
as in the case of a genuine Hamiltonian. 

The trick to end the proof is the following: one shows that the Euler class of 
Vb is strictly larger than that of Va, hence, if some critical points actually appear, 
we get a nondecreasing function. . . defined on the circle, which is absurd: after a 
while, one has to come back to Va- □ 

To end the proof of Theorem VHI.1.1, we just have to prove the next lemma, 
which could be seen as an or bifold Euler class version of what was done in § VI.2.C 
(see more precisely Example VI.2.10). This can be considered as a wall crossing 
formula. 



Lemma VIILL3. Let z be an isolated critical point of a periodic Hamiltonian h on 
a symplectic manifold of dimension 4. Let a and b be regular values so that h{z) 
is the only critical value between a and b and let Va, Vb be the corresponding level. 
If the -action, linearized at z, has the form 



U‘ (x,y) = {u^x,u ^y), 

then 

e{Va)-e{Vb) = -~. 

pq 

Proof We study the surgery which allows us to go from Va to Vb. Notice first that 
there exists on our manifold an invariant metric and an invariant calibrated almost 
complex structure so that, in a neighborhood of z, the S^-action is, indeed, that 
given by the linearization. 
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Consider then a neighborhood of 2 : of the form x Dy C (product of 
two discs). Our level Va is 

K n {Dl X Dl) ~ Dl X S^. 

It has an exceptional fiber of type 7a jq fiber for x = 0 (we shall consider this fiber 
as exceptional even if q 1). Similarly for 14: 

nn{DlxDl)^SlxDl 

where now the exceptional (at least if p ^ 2) fiber of type Z/p is given by p = 0. 
Hence, the surgery when crossing the critical value h{z) replaces an exceptional 
orbit of type Z/g by an exceptional orbit of type Z/p. Let now u and v be the 
smallest positive integers such that 



pv — qu = 1. 



Then by definition, (see §I.3.c), the Seifert invariants of the orbit x == 0 in I 4 are 
the numbers (g,t’), those of the orbit p = 0 in I 4 are (p, u). The other possibly 
exceptional orbits are the same in I 4 and Va, and, calculating as in Exercise 1.13: 







1 

pq 



□ 



And this is the end of the proof of Theorem VIII. 1.1. 



□ 



VIII. l.b. Symplectic reduction of the regular levels. Let now iL be a 

periodic Hamiltonian on a manifold of dimension 4. We know that the regular 
levels of H are Seifert manifolds Va and that enough is kept over from the smooth 
structure of 14 after forming the quotient to enable us to say that the quotient Ba 
is a symplectic orbifold (see §HL2.f). 

The previous section gave us a hint of what was happening to I 4 when going 
through a critical value of H. We shall now concentrate on the adventures of 
Ba during the same operation. We still use an invariant metric and an invariant 
calibrated almost complex structure. 

What happens near an extremum reached on a surface B. Call L the 
normal bundle of H in W, that we consider as a complex line bundle over B. Near 
each point 2 : of H, both the action and the symplectic form are conjugate to the 
linear ones 

T,W = T,H0L, 
u-{x,y) = {x,u”^y) 

where m equals ±1 because of the effectiveness of the action (the sign depending on 
the kind of extremum we are dealing with). The regular levels I 4 (for a close to the 
critical value) are the circle bundles of L, the action is principal, and the quotient 
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can be identified with B. Hence, all the reduced levels close to the extremum are 
the same surface as the extremum itself. This is shown, schematically, in Figure 1. 




B 



Ba 



Ba 




Figure 1 



Figure 2 



What happens near an extremum reached at an isolated point. With 
the very same method, we find ourselves in C^, with the action 

u- (x,y) = 

where m and n have the same sign and are relatively prime. The Hamiltonian may 
be written 

H = ^{m\xf + n\yf). 

The levels close to the critical one are ellipsoids (topologically, spheres S^). If m 
or n ^ 2, there are one or two exceptional orbits. Considering 

K > PHc) 

(x,y) 1 ^ 

one sees that the reduced surface of these regular levels is a sphere S^. Hence, all 
the reduced levels close to an extremum reached at an isolated point are 2-spheres. 
This is shown in Figure 2. 

What happens when going through a critical value. If we are speaking 
of going through it, the critical level must correspond to some critical point of 
index 2. Another very beautiful remark due to McDuff is that the topology of the 
quotient surface does not change: 

Lemma VIIL1.4 (McDuff [103]). Let a and b be two regular values of H. There 
exists a smooth map 

n:H~\[a,b]) ^ Bb 

such that: 

- The restriction ttIv^ : 14 — > is the quotient map. 
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- For any regular value t of H, there exists a homeomorphism (ft making the 
diagram 

Vt^ >H-\ 



commute. 

Proof The lemma is obviously true when there is no critical value between a and 6, 
because we merely need to push using the gradient flow of H to get a map 

6 ]) 

with the desired properties. 

Then, of course, it is enough to prove the lemma in the case where there is 
only one critical value between a and b. For this, we shall try to show, as above, 
that the topology of Va does not change (!) and to understand where we are wrong. 

Let us thus try to prove that it is possible to retract H~^{[a^b]) on 14 by 
pushing along the gradient flow. If we push by the gradient up to the level 6, any 



[a,b]) 

7T 




point of jfiT~^([a, b]) has an image Lp{m) which is well-deflned in 14- • . except those 
which fell into the hole, more precisely those of the stable manifold of a critical 
point at the level under consideration. 

Consider as usual a neighborhood of the critical point, identifled with a neigh- 
borhood of 0 in C^. If the action is written {u'^x,u~^y)^ the points of the y-axis 
are those which are forced to stay on the critical level. Associate with them the 
“points of the x-axis which are on 14 ”. Of course, this does not define a map into 
the level 14- • • but notice that all these points lie in the same -orbit in 14, so 
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that we have a perfectly well-defined map into the quotient which has the 
required properties. □ 

Remark VIIL1.5. We have just rephrased what we have already understood in 
§ VI.2.C, in the simple case of a manifold of dimension 4 (except that we have not 
assumed the action to be semi- free). Notice that the topology of the reduced levels 
does not change here. . . because we know it should change by a blowing up, but 
this is trivial in dimension 2. 



VIII. l.c. First applications. If the maximum of H is reached on a surface 
^max, nothing prevents us, in the previous proof, from following the gradient until 
the end. If both the minimum and the maximum of H are reached on a surface, 
we get in the very same way a smooth map 



and homeomorphisms 



: Bt 



Brr 



(as long as t is not the image of a critical point of index 2) making the diagram 






Bt 






A Bn 



commute. In particular, Bmin and J5max are two copies of the same surface. 

If one of the extrema is reached at an isolated fixed point, then the other 
one is reached either on a sphere, or at an isolated critical point. Let us formulate 
these remarks as a proposition. 



Proposition VIIL1.6. Let H be a periodic Hamiltonian on a compact symplectic 
manifold of dimension 4. If the maximum and minimum of H are reached on 
surfaces, the two surfaces are diffeomorphic to each other. If one of the extrema 
is reached at an isolated point, the other one is reached, either at an isolated point 
or on a sphere. □ 

Assume now that the S^-action is semi-free (that is, without any exceptional 
orbit) and that both the maximum and the minimum are reached at an isolated 
point. Near the minimum, the action can be written as 

u • (x, y) = {ux, uy) 

(because it is semi- free). In particular, the symplectic reduction of a given nearby 
level is just the Hopf map 



.pi(C) 




VIII.2. PERIODIC HAMILTONIANS ON 4-DIMENSIONAL MANIFOLDS 



279 



and so has Euler class -1 (see Example 1.3.3). There must be also a critical point 
of index 2, otherwise, with a Morse function with only two critical points, W would 
be a sphere(^) S^, which would prevent it from being symplectic. Still because of 
the semi-freedom of the action, at the first critical point of index 2, the action 
must linearize as 

u- (x,y) = (ux,uy). 

According to Lemma VIII. 1.3 (or to its more elaborate version, in this semi- free 
case. Theorem VI.2.9), the Euler class is zero. But now, there must be still another 
critical point, as otherwise we would have, near the maximum, an action of on 
the sphere with Euler class 0. Hence we have proved: 

Proposition VIILL 7. Let W be a compact symplectic manifold of dimension 4 en- 
dowed with a semi- free Hamiltonian circle action. The action has at least four fixed 
points. If moreover, the fixed points are isolated, there are exactly four of them. □ 

Notice that the last assertion had already been proved in § VI.3.d (see Figure 8 
in Chapter VI). 



VIII.2. Periodic Hamiltonians on 4-dimensional manifolds 

VIII.2. a. What happens when there are only two critical values? When 
there are only two critical values, the minimum and the maximum, they can be 
reached 

- either on two copies of the same surface B, 

- or at an isolated point and on a sphere S^. 

Notice that it is impossible that both are reached at an isolated point, since the 
4-sphere is still not symplectic. 

Recall that our symplectic manifold is endowed with an invariant metric and 
a calibrated almost complex structure. 

Consider first the case where one of the critical values is reached at an isolated 
point and the other on a sphere. Then all the regular levels are S^’s. The action 
near the isolated critical point can be written 

u- {x,y) = {u'^x,u'^y). 

On the other side, the levels are principal bundles over S^, thus we must have 
m = n = ±1, and the principal bundles over are the Hopf bundle. 

According to the ad hoc version of Darboux’s Theorem (equivariant form of 
Corollary II.1.12, see Remark II. 1.13), we know that a tubular neighborhood of 



^^^See, for instance [108] for this classical result due to Reeb. 
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this sphere is equivariantly and symplectically isomorphic to a neighborhood of 

P\C)cP^{C) 

embedded as, say, the line x = 0, with the symplectic form which gives it the same 
volume as our sphere has, say, and the -action 

u-[x,y,z] = [x,uy,uz]. 

At the other end, a neighborhood of the point at which the minimum is 
reached is isomorphic with a neighborhood of the other fixed point [1,0, 0] of this 
S^-action on P^(C). Following the gradient (minus the gradient would be more 
accurate here) gives an equi variant diffeomorphism preserving the Hamiltonians, 
from our manifold to P^(C). Our manifold W is thus P^(C) and the action that 
of by • (x, y) = [x, uy^ uz\. This is shown in Figure 4. The same proof, in any 
dimension, would apply to give a result due to Delzant (see Exercise VIIL2): 

Proposition VIIL2.1 (Delzant [39]). A compact connected symplectic manifold en- 
dowed with a periodic Hamiltonian with only two critical values, one of which is 
reached at an isolated point, is a complex projective space. □ 




S2 



Figure 4 



Remark VIIL2.2. It is true, but a little harder to prove, that there is indeed an 
isomorphism from W to P^(C) (resp. P’^(C)), in the sense that the symplectic 
structures also are the same. See [39]. 

The other possibility is that the two critical values are reached on two copies 
of the same surface B. Each regular level is the circle bundle of the normal bundle L 
of Hmin in W. The manifold W is thus a compact ificat ion of the vector bundle L, 
obtained by adding to it the critical surface 5max- As above, let us construct a 
model space, namely a symplectic manifold with a Hamiltonian S ^-action and the 
same structure of fixed points. 

Roughly speaking, if we follow the gradient, we will add a point to each fiber 



of L. 




VIII.2. PERIODIC HAMILTONIANS ON 4-DIMENSIONAL MANIFOLDS 



281 



In order to add a point at infinity to a complex line E, the easiest thing we 
can do is to projectivize the plane E ®C, Here we do this fiberwise, that is, we 
consider the projectivized bundle 

P(L 01) = I z G c L, 0 C} 

where 1 denotes the trivial complex line bundle over 5, and, for any z e B, Lz is 
the fiber of L at z. The map 

{z,£) I > 2: 

defines a projection onto 5, the fiber of which is the projective line P^(C). More- 
over, there are two inclusions (sections of the bundle) of 5 in P(L 0 1): 

- the ‘‘zero section” z (z, 0 0 C), 

- and the “section at infinity” 2 ; 1 -^ ( 2 :, 0 0). 

Example VIIL2.3 (Hirzebruch surfaces). In the case where the basis surface B is 
a sphere, B = P^(C), the manifold P(0(fc) 0 1) is a Hirzebruch surface (these 
4- manifolds are actually complex surfaces). We have already met these examples 
in Exercise IV.4, where they appeared endowed with T^-actions, and in §IV.5.a, 
where they were endowed with SU(2)-actions. Notice that the image of the mo- 
mentum mapping, a trapezium as shown in Figure 11 in Chapter IV, which we 
reproduce in Figure 6, rotated by a right angle, resembles very much the situation 
in Figure 5 here. This is not by pure chance (of course. . . ), the projection onto 




Figure 5 Figure 6 

the horizontal in Figure 6 is indeed the Hamiltonian for the action of a subcircle 
of that has a unique maximum and a unique minimum, both reached along a 
copy of P^C). 

Let us come back to the general case and write (a, 6) when a is a vector 
in Lz and b a complex number, so that (a, b) G 0 C. Then it is natural to 
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write [a, b] — using the same notation as for honest homogeneous coordinates— for 
the complex line generated by (a, 6), an element of P{Lz 0 1). The zero section 
corresponds to a = 0 and the section at infinity to 6 = 0. 

There is also a natural S^-action on P(L 0 1), that can be written 

u-{z,[a,b]) = {z,[ua,b]) 

(in our ‘‘homogeneous” coordinates). Both the zero section and the section at 
infinity are submanifolds consisting of fixed points, so that the situation is close to 
the one we have on the symplectic manifold we are trying to model. However, we 
must still construct a symplectic form on the manifold we have just constructed. 
There are a lot of different possible ways to do so. We showed one in §IV.5.a 
when the basis B is a sphere (case of Hirzebruch surfaces). The one I give here is 
reminiscent of the construction of the equivariant symplectic form we have met in 
Proposition VI.2.1 and was suggested to me by Iglesias. 

Let us endow L with a Hermit ian metric, so that we can consider its unit 
circle bundle 

7T : S{L) > H, 

a principal S^-bundle, the circle acting by rotations, or complex multiplication, in 
the fibers. The construction is based on the following remark. 

Lemma VIIL2.4, Let S{L) B be the unit circle bundle (associated with any 
Hermitian metric) of the complex line bundle L. The mapping 

^ : S{L) X pi(C) ^ P(L 0 1) 

(( 2 ;,v),[a;, 2 /]) i > {z,[xv,y]) 

is invariant by the -action 

u ■ {{z, v), [x, y]) = ((z, uv), [x, uy\) 
and induces a diffeomorphism 

^ : S{L) xgi pi(C) ^ P{L © 1). 



Proof Obviously, 

ip{u ■ {{z, v), [x, y]) = (p((z, uv), [x, uy]) 

= {z,[xv,uy]) 

= (^, N,y]) 

SO that (f descends to a map (p which is differentiable and one-to-one. □ 

Let us proceed to the construction of the symplectic form. To begin with, we 
construct a closed 2-form on S{L) x P^(C). We first consider the principal bundle 

7T : S{L) > B. 
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Notice that, if it is trivial, this means that L and P(L © 1) are trivial bundles, 

P(L0l)^BxP^(C) 

so that it is easy to construct a symplectic form on P(L © 1), the product of a 
symplectic form on B and of one on P^(C). 

Otherwise, let e G Z be its Euler class. Fix a volume form rj on the oriented 
surface B. There is a unique real number A such that 



e = X T). 



Notice that A is zero exactly when the bundles L and S{L) are trivializable, so 
that we are assuming that A 0. 

We have seen in Chapter VI (more precisely in Exercise VI.5) that there 
exists an invariant 1-form a on S{L) such that 

- if X is the fundamental vector field of the S^action, ixOL = 1, 

j 

- da = 7T —. 

2tt 

Let us consider now P^(C) with the S^-action u • [x^y] = [x^uy] and the usual 
symplectic form luq- Let us choose a momentum mapping (a Hamiltonian) H for 
this action and put: 

u = d{Ha) + uo- 

This is a closed 2-form on S{L) x P^(C). Let us investigate its kernel. Consider a 
point ^ *5'(L) X P^(C), that we denote (C,^) for simplicity, and two 

tangent vectors 

{Z,P),{Z',P') e JcS{L) X T„P'(C). 

Then (Z, P) is in the kernel of u if and only if 

V (Z', P'), id{Ha) + uJo){{Z, P), (Z', P')) - 0. 

But we have 

{d{Ha) + LUo){{Z, P), (Z', P')) = dH{P)a{Z') - dH{P')a{Z) 

+ H{w)da{Z, Z')+ujo{P,P') 

= {-a{Z)dH + ipUo){P') 

+ {dH{P)a + H{w)izda){Z'). 

Hence (Z, P) is in Kercj if and only if 

j —a{Z)dH + ipuJo — 0 
\dH{P)a © H{w)izda = 0. 



Call X the fundamental vector field of the -action (on anything). The first 
equation gives 

ipU{) = 
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which is equivalent to P = a(Z)X. As for the second equation, it gives, as 
dll(X) = 0, 

H{w)izda = 0. 

If we were careful enough to have chosen a function H which does not vanish on 
P^(C) (this is of course possible by adding a constant to it), the second equation 
just gives 

izda = 0. 

Prom the definition of a (starting from a volume form, in particular a nondegen- 
erate form r/), we know that the kernel of da is generated by the vector field X 
hence Z = rX and P = a{Z)X = rX for some real number r. 

The vector field (A, X) is the fundamental vector field of the diagonal S^- 
action on S{L) x P^(C), so that we are led to consider this action. Using our 
convention, (X, X) should be called X. We have 

ix^ = 0 and Cx(^ = 0. 



This is proved exactly as the (formally) identical assertion in Proposition VI.2.1. 

One deduces that u descends to the quotient as a symplectic form u on 
S{L) Xsi P^{C), and thus, according to Lemma VIII.2.4, on P(L 0 1). Moreover, 
the symplectic form u) so defined is invariant by the S^-action we are interested in, 
namely 

u^{z,[a,b]) = {z,[ua,b]). 

Indeed, this action comes from 

u ■ {{z, v), [x, y\) = {z, uv, [x, y]) on S{L) x (C) 

(rotations in the fibers), for which u itself is invariant. 

Now, we have our model space. The consideration of tubular neighborhoods 
of Pmin and Bmax iH W leads to the same conclusion as before. To summarize: 



Proposition VIIL2.5. Let W be a compact connected symplectic manifold of di- 
mension 4 endowed with a periodic Hamiltonian H with only two critical values. 
Then W is equivariantly^^^ diffeomorphic, by a diffeomorphism which preserves 
the Hamiltonians, 



- either to P^(C) with some multiple of the standard symplectic form and 

I „|2 



H{[x,y,z] 



2 \x\^ + \yf + \z\ 



+ ho, 



symplectically, but we have not proved it. . . 
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- or to the total space of a projectivized bundle P(L © 1) over an oriented 
closed surface B, with a symplectic form as defined above and Hamiltonian 

^ ll^ll + PI 

for some real numbers r and ho . □ 

Remark VIIL2.6. The manifolds P(L© 1) are called symplectic ruled 4-manifolds, 
by analogy with the ruled surfaces of algebraic geometry, since they are unions of 
(complex projective) lines. Symplectic ruled 4-manifolds are the subject of beau- 
tiful work by McDuff [ 104 ]. 

VIII.2.b. Critical points of index 2. To begin with, let us prove that there 
are other 4-manifolds endowed with Hamiltonian circle actions than the ones listed 
in Proposition VIII.2.5: it is easy to create examples with many critical points of 
index 2, simply by blowing up fixed points. 

Blowing up fixed points. Let us consider now a Hamiltonian circle action (on 
a manifold of dimension 4) and a fixed point of the action. Using the technique 
explained in §VI.2.c, let us blow up this fixed point. Near this fixed point, the 
action can be written: 

u-{x,y) = {vFx,u~'iy) 

for some integers p, q. Notice that, as we are interested in effective actions, we 
must assume that p and q are relatively prime. I do not make any assumptions on 
the signs of p and q (that is, on the index of the critical points) yet — of course, 
for a genuine point of index 2, both will be positive. The S^-action extends to the 
blown up manifold by 

u ■ {{x, y), [a, b]) = {{u^x, u~‘^y), [vFa, u~'^b]). 

Consider now the fixed points on the blown up manifold. 

- Outside the exceptional divisor (namely the points such that x = y = 0), 
the situation has not changed. 

- In the case where the blown up fixed point was a point of a fixed sur- 
face, assuming that p = 1 and g = 0 (to preserve the effectiveness of the 
Hamiltonian action), the strict transform of the fixed surface (that is, of 
the submanifold x = 0) is a fixed surface as well (this is the submanifold 
consisting of the points ((0,?/), [0, 1])). We have added a new fixed point, 
the point ((0,0), [1, Oj), near which, in local coordinates {x,v) (such that 
V = bj a and y = vx), the action is written 

u • {x,v) = {ux,uv). 

We have thus created a new fixed point, this is a critical point of index 2. 
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- If p > 0 and ^ > 0, the blown up fixed point was an isolated critical point of 
index 2 of our Hamiltonian. Let us call this a fixed point of type (p, q). To 
blow it up replaces it with two fixed points: the point ((0, 0), [0, 1]), a fixed 
point of type + and the point ((0,0), [1,0]), that has type {p^p + q). 
These two critical points are connected by a sphere, the exceptional divisor 
of our blowing up. Notice that, in the standard metric of we are using 
near the critical point, this is a gradient sphere, namely the closure of the 
stable or unstable manifold of some critical point. 

- If p and q have opposite signs, then the blown up fixed point was an iso- 
lated extremum of the Hamiltonian. Changing both the signs of p and q if 
necessary, the action may be written: 

u-{x,y) = {u’^x,u"y) 

where m and n are positive and relatively prime (with this choice of signs, 
the fixed point is a minimum). The S ^-action on the blown up manifold is: 

u ■ ((x, y), [a, b]) = {{v^x, n”j/), [u^a, u"6]), 

SO that: 

• When m = n = 1, the whole exceptional divisor consists of fixed 
points; we have replaced an isolated fixed point with a fixed P^(C). 

• Otherwise, one may assume that m > n > 0. Then the point 
((0, 0), [0, 1]) is a minimum, near which the Hamiltonian action is 
written 

U‘{v,y) = 

and the point ((0, 0), [1,0]) is an isolated critical point of index 2 and 
type (n, m — n). 

Figure 7 shows the two fixed points, connected by the gradient sphere, in the 
blown up manifold. 

Gradient spheres and exceptional divisors. The blowing up of a critical 
point of index 2 gives us the following situation: 

- Before blowing up (left of Figure 7) the gradient manifolds are the p-axis, 
stable manifold of the fixed point, the points of which have stabilizer Z/q, 
and the x-axis, unstable manifold of the fixed point, the points of which 
have stabilizer Z/p. 

— After having blown up (right of Figure 7) we have two critical points, the 
u-axis (on the x side) and the v-axis (on the y side) are the two discs which 
form the exceptional divisor. The latter is actually the gradient manifold 
connecting the two fixed points. 
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Figure 7 

Notice that, the invariant metric (and, with it, the almost complex structure) 
having been chosen, we are in a situation similar to the Kahler situation investi- 
gated to prove Theorem IV.4.23. That is, the S^-action extends to a C*-action. 
The gradient vector field is JXh, so that the C^^-orbits are either fixed points or 
symplectic surfaces in our manifold W. 

Of course, a nontrivial C'^'-orbit is a cylinder, more precisely, it is symplec- 
tically diffeomorphic with x ]a, 6[, for some interval ]a, b[ (and symplectic form 
dO A dx) , the momentum mapping being 

{u, x) I > X. 

Moreover, since the nonconstant trajectories of the gradient have limit points 
which are critical points of if, the closures of the C^-orbits must be (at least 
topologically) spheres. These are the gradient spheres. 

Example VIIL2,7, The exceptional divisor in the blowing up process described 
above is a gradient sphere. 

Being defined by the gradient of if , in particular by the Riemannian metric we 
have chosen, the gradient spheres depend, a priori, on this metric. Notice however, 
that some of them can be defined in terms of the -action only, so that they do 
not, a posteriori, depend on any choice. These are the spheres with nontrivial 
cyclic stabilizer, as asserted by the next proposition. 

Proposition VIIL2,8, Let W be a compact symplectic manifold of dimension 4 
endowed with a Hamiltonian -action. For any integer k ^ 2, the set Wz/k of 
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points with stabilizer 7i/k is a manifold, the closure of any connected component 
of which is a symplectic 2-sphere on which acts with two fixed points. 

Moreover, for any Riemannian metric compatible with the -action, all the 
7i/k-spheres are gradient spheres. 

Proof The fact that W^/k is a manifold is a special case of Proposition 1.2.2. Let 
us chose any invariant metric, together with a calibrated complex structure J, so 
that the -action extends to a C'*'-action. This C*-action preserves Wzjk^ so that 
its connected components are C^-invariant. The C*-orbit of any point of Wz/k 
is thus a connected component of Wzjk- We have seen that the closure of such a 
component is a 2-sphere, on which the S^-action has two fixed points. . . so that 
this closure is also a gradient sphere. □ 

Symplectic blow down. Assume now that S is an invariant symplectic sphere 
the Euler class of the normal bundle of which is —1. Assume its symplectic volume 
(area) is a positive number irr^. Then, an equivariant neighborhood of E in IT is 
isomorphic with an equivariant tubular neighborhood of the exceptional divisor 
in C^. Thus we can remove this tubular neighborhood and replace it by a ball 
of radius r, getting a new symplectic manifold, with an S ^-action. This is the 
equivariant symplectic blow down. 



VIII.2.C. The list of examples. We have now introduced everything we need 
to understand the topology of the manifolds under consideration: they will be 
organized around the gradient spheres. 

In § VIII. 2. a, we have constructed examples of compact symplectic manifolds 
endowed with periodic Hamiltonians: all the P(L 0 1) (with two surfaces as the 
set of fixed points), and P^(C) with an isolated fixed point and a fixed sphere. 



On P^(C), we know that there are plenty of other periodic Hamiltonians, for 
example the Morse function 

1 mlxi^ + n\yf 

.2 ' |2 '| 1 ^ ^ 

^\x\ -\-\y\ +| 2 :i 



This is a Hamiltonian for the S ^-action 



u- [x,y,z] = [u'^x,u'^y,z], 

which is effective as soon as m and n are relatively prime, and which has three 
fixed points when m and n are distinct and nonzero. 

Similarly, when the base space B of the bundle L is a sphere, we may combine 
an -action on B and the action in the fibers to get more complicated actions on 
P(I/ 0 1). This is the case of the Hirzebruch surfaces, considered here as 

Wk^{{[a,b],{x,y,z])GP\C)xP\C)\a'^y = b>^x} 
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with the induced symplectic form and the -action 

u ■ ([a, b], [x, y, z]) = ([u™a, 6][w’"''x, y, u^z]). 

Notice that the actions we have just described are restrictions, to some subgroup 
C of T^-actions on P^(C) or Wk (see Exercise IV.4). 

Now that we have got all these basic examples^ we are able to state the first 
result we want to prove. 

Theorem ¥111.2.9. Let W be a compact symplectic manifold of dimension 4, en- 
dowed with a Hamiltonian -action. Then W can be obtained by a sequence of 
blow ups from 

- either a manifold of the form P(L0 1), with two fixed surfaces and no other 
fixed point 

- or a projective plane or a Hirzebruch surface with the restriction to some 
subgroup of a Hamiltonian -action. 

If this statement gives a list of all the 4-manifolds that can be endowed 
with both a symplectic form and a Hamiltonian -action, this is not really a 
classification theorem, as 

- the list might be (and actually is) redundant, 

- there is no uniqueness assertion, especially on the symplectic structure, but 
not even on the momentum mapping. 

It must thus be completed by a uniqueness result (due to Karshon), which I will 
explain later on (this is Theorem VIII. 2. 14). However, it gives an extensive list 
of all the compact symplectic 4-manifolds that can be endowed with a periodic 
Hamiltonian. 

The proof given here is inspired by my original proof [13, 14] together with 
that of Karshon [83], and, mainly, by the observation made by McDuff that we 
need only to blow down spheres. 

The proof of Theorem VIII. 2.9. We start with two lemmas, that describe the 
relations between the various gradient spheres. 

The submanifolds on which the extrema are reached and the gradient man- 
ifolds as well, are (almost complex) surfaces with normal bundles which describe 
their neighborhoods in W. 

Lemma VIII.2.10. Assume L ^ is a complex line bundle of Euler class e, 
endowed with an -action such that 

- the principal stabilizer of the zero section is Z/fc, 

- the -action on the zero section has two fixed points at which the linear 
action on the fibers of L has weights m and n. 
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Then the four integers k, n and m are related by 

n = m — ke. 




Proof We decompose, as usual, the 2-sphere in two hemispheres, 

- S?. X C, on which acts by 

u • {v^ z) = {u^v.u^z) 

- and X C, with 

u • {w^z) = {u^w^u^z)^ w = 

V 

The line bundle is obtained by gluing S?_ x C and x C along their common 
boundary = 1) by 

(p{v, z) = (w,v~^z). 

In order that the S ^-action extend, we must have 

(f{u^{v,z)) =U’(f{v,z), 

namely 

(u^w,u~^^'^^v'~^z) = {u^v,u'^v~^z), 

that is, n = —ke + m. □ 



Let us consider now a chain of gradient spheres. 



Lemma VIIL2.1L Let C = EiU--*UE^ be a chain of gradient spheres, such 
that the south pole pi-i (minimum of H) of E^ is the north pole (maximum of 
H ) ofYii-i. Let ki denote the order of the principal stabilizer on E^. Then ki and 

ki-i + ki^i 



ki^i are relatively prime and 



kj 



is the Euler class of the normal bundle 



to Tii (in particular, this Euler class is a negative integer). 
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Proof. The first assertion is a consequence of the effectiveness of the action. The 
second is a consequence of Lemma VIIL2.10. Look at Figure 9: the cyclic group 
Z/ki is the principal stabilizer of but -ki-i is the weight of the action on the 
fiber at its south pole pi-i while ki^i is that of the action on the fiber at the north 
pole Pi. Thus, Lemma VIIL2.10 gives, for the Euler class e^, 

ki—i ki-\-i 

“ = = — k — ^ ° 

Let us now proceed to the proof of Theorem VIII.2.9 when both the maximum 
and the minimum are reached on a surface. We look at a chain of gradient spheres. 
It is enough to prove that such a chain contains a sphere with normal Euler class 
(or self-intersection) —1. Then we can blow it down and prove the theorem by 
induction on the number of critical points of index 2. 

Denote by fci , . . . , the orders of the stabilizers of the spheres in our chain. 

For instance, ki and kr are the weights of the S^-action on the neighborhood of 
the fixed surfaces, so that, by effectiveness of this action, ki = kr = 1. 

If we assume that all the weights fc^’s are equal to 1, then, according to 
Lemma VIII.2.11, the last sphere has normal Euler class 

-(1 + 0 ) ^ 

and we are done. Assume thus that all the fc^’s are not equal to 1. Let kg = 
max{fcj}. We have 



ks ^ fcs_i, kg ^ fcs+i, and fcs > 1 for s / l,r. 

As two consecutive fc^’s must be relatively prime, we have actually strict inequali- 
ties 



kg > kg-i and kg > fcg+i 



so that 



ks-i + fcg+i 
s 



2ks 

ks 



= 2 . 



k. 
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But we know that this number should be a positive integer, so that it must be 
equal to 1. But then the s-th sphere Eg has normal Euler class —1, according to 
Lemma VIII.2.11. Thus we are done in the case where there are two fixed surfaces. 

Assume now that the minimum of the Hamiltonian is reached at an isolated 
point. As above, we can blow down either the top sphere of a chain of gradient 
spheres or, if some isotropy group is larger than its neighbors, the correspond- 
ing sphere. Hence we can assume that all the chains of gradients spheres in our 
manifold consist of spheres with increasing isotropy group orders. 

If there are indeed critical points of index 2 in our manifold, the S^-action 
near the minimum must have the form 

U- {zi,Z2) = {u”^^Zi,U^'^Z2) 

for some positive integers mi and m2 that are not both equal to 1. Assume that 
m 2 = 1. This means that, either there is only one gradient sphere (with isotropy 
group Z/mi starting from the minimum, or that there is another one, but without 
any critical point of index 2 on it. Thus, we have at most two chains of gradient 
spheres in our manifold. 

Proposition VIIL2A2, Let W be a compact symplectic manifold of dimension 4 
endowed with an effective Hamiltonian -action such that 

— an extremum of the Hamiltonian is an isolated fixed point, 

— for some invariant metric, there are no more than two nontrivial chains of 
gradient spheres. 

Then, the -action extends to an effective Hamiltonian -action. 

Assuming the proposition true for the moment, we deduce that our original 
manifold was obtained by a sequence of blowing ups starting from a toric surface. 
According to Theorem VH.4.1, the latter is itself obtained from P^(C) or from a 
Hirzebruch surface by a sequence of blowing ups. So that the theorem is proved. □ 

Proof of the proposition. From the numerical data along the chains of gradient 
spheres, we construct a fan. Denote as above fci, . . . , k[,. . . the orders of 

the isotropy groups along the two chains of gradient spheres. Recall that, having 
maybe blown down a few spheres, we can assume that the two sequences are strictly 
increasing, two consecutive weights are relatively prime and so are ki and k[ , and 
kr, A:' as well. 

With this data, we construct a fan. We start at the minimum, that we assume 
to be reached at an isolated point. Near this point, the S ^-action reads 

U-{ZI,Z2) = {u'^^Zi,u'^iZ2). 
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Bezout gives us two integers b\ and b[ such that 

kib[ + k[bi = 1. 

We consider the two vectors 




which constitute an integral (direct) basis of T? by construction. Notice that there 
is a choice here, as we should expect: there is no reason why there should be only 
one torus action extending our circle action. 

By induction, we construct vectors 



^ for 1 ^ i ^ r, 1 < i ^ s 

such that {xi-i,Xi) and are (direct) integral bases of Z^. The claim now 

is that these vectors constitute the 1-skeleton of a fan E and that our manifold is 
equivariantly diffeomorphic with the toric manifold Xe, endowed with the action 
of a circle subgroup of its big torus. Notice that all the x^’s are on the right side 
and all the x' ’s on the left side of the y-axis, so that we actually have a fan. The 
only problem is what happens between Xr and x'^. 






Figure 10 Figure 11 

There are two possibilities: 

— either the maximum is reached on a sphere, 

— or it is reached at an isolated point. 

In the first case, we add the vector x^+i = collection of vectors. The 

fan got this way is smooth, since we know that in this case, the stabilizers near 




294 CHAPTER VIII. HAMILTONIAN ACTIONS ON MANIFOLDS OF DIMENSION 4 



the maximum are trivial, so that kr = k'^ = I and 



\Xr Xr-\-l — 



kr 0 
br 1 



kr = l, x ',+1 X'^ = 



0-ki 
1 h' 



= fc; = 1. 



The second case is a little more intricate. We want to prove that 






h —Jc' 

br b'. 



We conclude with the help of an argument due to Karshon [83]. We look at the 
volume function on our manifold, as in § VI.2.b. Near the maximum, we know that 

its slope is — 7 - 77 . On the other hand, viewed from our chains of gradient spheres, 

A/'p 

this should be also be the difference of the “slopes” of the lines orthogonal to Xr 
and x' , namely 

1 _ 6 ' br b'gkr + brkg 

h ~ h' ^ h ~ hf h ’ 

fvg ftp rh^rV'p 

SO that b'gkr br kg = —1, as we wanted to prove. 

Now we have a toric manifold Xs, which is diffeomorphic with our mani- 
fold W, with an S^-equi variant diffeomorphism, by construction. It is, as usual, 
easy to construct a symplectic form on which looks like the one we have on W. 
From the fan E, we deduce a polygon, just assigning to each edge the length given 
by the symplectic volume of the corresponding gradient sphere as in § VI.3.d (this 
is shown in Figure 12, note that the upper corner of the polygon is the one used 
above and shown in Figure 11). □ 




Figure 12 
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VIII.2.d. Karshon’s uniqueness result. As we have noticed in Proposi- 
tion VIII.2.8, some of the gradient spheres on our 4-manifold are only defined 
by the S ^-action and do not depend on the invariant metric we have chosen: 
these are the spheres with stabilizer Z/fc (fc ^ 2). This is the basis of Karshon’s 
construction. She associates, with any 4-manifold endowed with a periodic 
Hamiltonian, a graph 

— the vertices of which correspond to the critical submanifolds (there are 
two kinds of vertices, those corresponding to isolated fixed points (ordinary 
vertices) and those corresponding to critical surfaces (that I will draw as 
horizontal segments)) 

- the edges of which correspond to the Z/fc-spheres. 

The vertices are labelled by the values of the function (and the genus and sym- 
plectic area of the surface if they correspond to a non-isolated critical point). The 
edges are labelled by the order k of the stabilizer. Notice that the labels of the 
vertices keep track of the symplectic form, while the labels of the edges are defined 
by the action. Notice also (and this is something rather unpleasant) that there 
is no reason why such a graph should be connected (see Figures 13 and 14). For 
instance, the graphs associated, respectively, to the S^-actions on P^(C) 

— hy u ’ [x^y, z] = [ux^y^z]; the bottom vertex corresponding to a sphere 
(x = 0, the minimum) and the top one to an isolated critical point ([1, 0, 0], 
the maximum), there is no Z/fc-sphere, 

- by u ' [x^y^z] = [u'^x^u'^y, z], m and n coprime (2 ^ m < n); the three 
critical points are the minimum [0,0,1], mapped to 0, the intermediate 
critical point [1,0,0], mapped to m, and the maximum [0,1,0]. The three 
complex projective lines joining these points are the gradient spheres (and 
they are Z/A:-spheres as indicated). 



— genus 0, area a 
P2(C) 




n 



P2(C) 



Figure 13 
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are shown in Figure 13, while Figure 14 shows the graphs associated with the 
-actions 




genus Qy area a — Xe 



genus Qy area a 



S2 X S2 



P(L01) 



Figure 14 

- by u • (u, w) = {u' V, • w) on x S^, the dot standing for the rotations 
about the z-axis, there are four isolated critical points and two Z/fc gradient 
spheres, 

- by rotations in the fibers of P(L 0 1) ^ (here the Euler class of L is e 
and A denotes the total variation of H). 

There is an obvious notion of isomorphism of such graphs. 

The subtle observation which allows Karshon to prove her uniqueness result 
is that the gradient spheres which are not Z/fc-spheres, that is, the occurrence of 
which is not forced by the S^-action, are unimportant, since they can be avoided by 
a small perturbation of the (invariant and compatible) metric. She proves indeed 
that a generic invariant compatible metric has only Z/fc-spheres as gradient spheres 
relating critical points of index 2. 

Remark VIIL2.13. Notice however that there are two gradient spheres meeting at 
any critical point of index 2. Let us consider the Karshon graph on the right of 
Figure 15 (this corresponds to a periodic Hamiltonian on x S^, see Figure 23). 
The next graph shows a possible arrangement of gradient spheres descending from 
the two critical points of index 2. A metric giving such a graph is not generic; for 
a generic metric, the gradient spheres would descend to the minimum, as shown 
in the last part of the figure. 

After having defined the graphs, Karshon proves the uniqueness result her 
graphs were designed for: the graph determines the symplectic manifold and the 
action. 

Theorem VIIL2.14 (Uniqueness theorem of Karshon [83]). Let (Wy a;) and (IF', uj') 
he two compact connected symplectic manifolds of dimension 4 endowed with pe- 
riodic Hamiltonians H and H' . Assume the corresponding graphs are isomorphic. 
Then there is a symplectic diffeomorphism (f : W ^ W' such that H' o (p = H. 
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Figure 15 



As for the symplectic aspects of Delzant’s uniqueness theorem (Theo- 
rem IV.4.20), I will not give the proof and rather send the readers to the original 
paper [83]. 

Notice that, together with Theorem VIII.2.9, Theorem VIII. 2. 14 gives the 
nice following corollary. 

Corollary VIIL2.15 ([83]). Any symplectic A-manifold endowed with a periodic 
Hamiltonian is Kdhler. □ 

This is very nice but leaves us with the following problem: to prove an ex- 
istence theorem, since Theorem VIII.2.14 does not tell us which graphs indeed 
appear. There are obviously obstructions coming from the Duistermaat-Heckman 
theorem, which gives restrictions on the areas of the surfaces under consideration. 
There is also the obvious fact that there are only two gradient spheres meeting at 
a point of index 2. Some obstructions are more subtle. Consider for instance the 
graph shown on the left part of Figure 16. I claim that this graph can only exist 

g, b bo 9, bi b 

K • L 



9, a 9, a g^ a g, a 

P(L 0 1) blow up blow up again 

Figure 16 

if fc = 2. This is a consequence of Theorem VIII.2.9, which tells us that such a 
graph would come from a manifold obtained from a P(L 0 1) by a sequence of 
blowing ups. So we should start from the graph on the right of Figure 14 and blow 
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up fixed points. Figure 16 shows what happens and proves our assertion^^) . Notice 
that this proves more generally that an isolated edge connecting two critical points 
of index 2 can only carry the label 2. This can also be viewed as a consequence 
of Lemma VIII. 2. 11, which of course imposes a lot of constraints on our graphs, 
since it forces, for any consecutive three gradient spheres, that 

kj-i + kj^i 

ki ' 

VIII.2.e. Graphs associated with actual periodic Hamiltonians. Accord- 
ing to Theorem VIII.2.9, the graphs that are actually obtained from Hamiltonian 
circle actions on 4-manifolds are obtained by blowing up the simple examples of 
P(L © 1) and P^{C). We thus need 

- to consider the graphs associated with the simple examples 

- and to understand the effect of a blow up. 

When both the maximum and the minimum are reached at isolated fixed points, 
the graph is divalent and the weights of the vertices can be characterized using 
the same ideas as in the proof of Proposition VIII.2.12 as those from which a toric 
surface can be constructed. I will thus concentrate on the case where at least one 
of the extrema is reached along a surface (and I will assume this is the case for the 
minimum). The graphs will thus have a “basis” that I will label by the genus g of 
the surface and the opposite b of the Euler class of its normal bundle (this number 
can be deduced from the data present on Karshon’s graph, using Duistermaat- 
Heckman, on the other hand, we lose the information on the size of the surface 
with respect to the symplectic form). 

Basic graphs. As announced above, we concentrate on graphs with a bottom 
vertex which is actually an edge, corresponding to a fixed surface. The basic graphs 
correspond to Hamiltonian actions on P(L 0 1) for some complex line bundle L 
over a surface B, hence they are the graphs shown in Figure 17. 






0, -1 



Figure 17. Basic graphs 



shall be more explicit on the effect of blowing ups on graphs in § VIIL2.e 
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Blowing up a vertex. Let us turn now to the question of blowing up. From 
now on, it will be more convenient to use a slightly modified version of the graphs, 
taking Remark VIII.2.13 into account and adding to the graph a (dotted) edge 
labelled 1 relating the lowest vertex (corresponding to a critical point of index 2) of 
each connected component to the minimum, and similarly between the top vertices 
and the maximum. The effect of a blow up is shown in Figure 18. 




Figure 18. Blowing up fixed points 

Given a Karshon graph (completed as explained above), we will look at the 
complement F of whatever vertex corresponds to the maximum. The graph F has 
the shape of a star. Notice that it is equivalent to label its edges with new labels 
which are minus the self-intersection number of the sphere it represents: according 
to Lemma VIII.2.11, this replaces ki by 

ki-i + ki-^i 

ki 

which is an integer (the case of an isolated minimum is different, see Exer- 
cise VIII.5). Now we have a star-shaped graph the edges of which are labeled 
with the self-intersection numbers of the corresponding gradient spheres. Let us 
add to the picture minus the self-intersection number of the minimum surface (it 
will be determined from the rest of the graph later). The new labels are shown in 
Figure 19. The main advantage of this new labelling, which is equivalent to the 




Figure 19 

previous one, is that it is completely transparent with respect to blow ups: the 
labels are (minus) the self-intersection numbers, so that to blow up a fixed point 
produces a sphere of self- intersect ion number —1 and hence a new edge labelled 1. 
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Plumbing. These new graphs describe a construction called plumbing. This is a 
classical construction in low dimensional topology — also used in singularity theory, 
see for example [115, 68]^^^. This is one of the many reasons to present this 
construction here. Some other ones are 

- the relations with the Seifert manifolds investigated in Chapter I, 

- the fact that plumbing describes quite accurately the 4-manifolds considered 
here, 

- the fact that this allows one to determine which graphs are actual graphs 
of symplectic 4-manifolds endowed with periodic Hamiltonians, 

. . . the main reason being the fact that I like plumbings and continued fractions. 

Let me explain now how to plumb two complex line bundles on surfaces. 
Let El -> Bi and E 2 -> B 2 be the disc bundles of two complex line bundles on 
surfaces. Choose two discs Di and D 2 respectively in B\ and B 2 . We know that 
the bundles E\ and E 2 are trivializable, over D\ {resp. D 2 ) as well as over Bi - D\ 
{resp. B 2 — 02 )- Choose trivializations 

Ei\d, ^ Di X 52 ^ X 52 

E2\d2 = D 2 X B‘^ = B“^ X B‘^ 

using which it is possible to glue, inverting factors. The result is an almost com- 




Figure 20. Plumbing 

plex 4-manifold with boundary (and corners, that can easily be smoothed), which 
contains the two surfaces B\ and D 2 , with normal bundles Ei and £ 2 - This is 
what Figure 20 schematically shows. The diffeomorphism type of the plumbed 
manifold is well-defined by that of Bi , B 2 and by the isomorphism type of the 
vector bundles. 

Then we can iterate the process (and this is indeed something we have already 
done, see Figure 9). Given a graph with integral labels on its edges, we consider the 
line bundles having (minus) the label as Euler class on the corresponding surface 
(if no genus is indicated, the surface is a sphere) and we plumb the two bundles 
together if the corresponding edges have a common edge^^^ 



Notice that the usual plumbing graphs are duals to the graphs used here. 

(^^The usual convention in differential topology is to use the dual graph to the one we have here. 




VIII. 2. PERIODIC HAMILTONIANS ON 4-DIMENSIONAL MANIFOLDS 



301 



Consider for instance the graph associated with our periodic Hamiltonian. 
Remove the top vertex. What we have then is a star-shaped graph that we can 
consider as a plumbing graph. The 4-manifold with boundary that we obtain by 
plumbing along this graph is diffeomorphic with the complement of a neighborhood 
of the maximum in our original manifold. 




Notice that the abstract 4-manifold with boundary obtained by plumbing 
along a star-shaped graph can be endowed with an S ^-action. 

- If the basis B of the disc bundle E is not a sphere, we endow it with the 
trivial -action and make the circle act by rotation in the fibers of E 
(assumed to be Hermitian). 

- Otherwise, namely if H is a sphere, we write it as the union of two hemi- 
spheres S^ = S^US?_, viewed as discs 

Sl = {zeC\\z\^l} 

and 

= { 2 : G C U oo I |z| ^ 1} = {z G C I |z| ^ 1} . 

Then the bundle E ^ B can be obtained by gluing two copies of the trivial 
bundle: 

E = {Slx B^) {Si X B^) 

by 

^:S^xB^ ^ X B^ 

{z,u) I >{z,(p^{u)) 

over n Si for some (fz ^ SO(2) for all 2 :. The isomorphism class 

of the bundle is well-defined by the homotopy class of the mapping 

Si 



^ SO(2) 
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which we may assume to have the form ipz{u) = z^u for some integer k. 
The bundle obtained this way is denoted E{k). 

Let act on each piece, by 

t • (z^u) = z^f^^u) 

on X B‘^ and by 

t • (z,u) = {t'^'^z.t'^^u) 

on S?. X B^. Both actions must agree via the gluing map (/?, that is: m2 = —mi 
and ri2 = —kmi + ni. Eventually, 

(1) The bundle E{k) is defined by the gluing map (^ : x x S\ the 

matrix of which (on fundamental groups) is: 




(2) If the S^-action is given, on the S^-side, by the integers (mi, ni), it will be 
given, on the S?_-side by (m2,n2), with 



/ m2^ / -1 0\ /mi\ 

\ri2 J \-k 1 ) \ni J ‘ 



The boundary dW{r) is thus endowed with a fixed point free S^-action, in 
other words, this is a Seifert manifold. The next theorem allows us to compute the 
Seifert invariants of this manifold. Before stating it, we need to define a (signed) 
version of continued fractions. We write 



[61, ... ,6s] = 61 



62 - 



63 



A good general reference on continued fractions is the book [66]. The fact that 
we have signs here does not make things very different. If we require that all 6j’s 

77- 

are ^ 2, any rational number — > 1 can be written [6i, . . . , 6s] as one can easily 

Q 

show using a slight modification of the usual algorithm of Euclid^^). The reduced 
fractions we get here are nonincreasing, and with standard notation 



we have 



[61 ? • • • 7 ^n] 



Dn' 



A^n-I^n+1 Efi^iDfi — 1 



for any 77, which can be considered more convenient than the analogous relation 
for continued fractions with “plus” signs. 



also Exercise VIIL8. 
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Theorem VIIL2.16. IfT = (g \b^ (6i,i, . . . • • • , • • • , ci'rid if all the 

reduced fractions of the continued fractions 



have a nonzero rational value, then 

dW{T) = {g\(3,{auf3i),...^{ar,l3r)) 

for some integer j3. 

We have used here the notation for Seifert manifolds introduced in Theo- 
rem 1.3.7. 



Remarks VIIL2.17 

(1) The invariants so obtained are not necessarily normalized in the sense that 
f3i is not assumed to be less than 

(2) The determination of (3 in terms of h and bij, that we do not make explicit 
here can be considered by the readers as an exercise. 

Example VIIL2.18. lfT = {g\b), dW{T) is a disc bundle of the line bundle with 
Euler class —6 on the genus g surface B. Glue a disc bundle of the line bundle 
with Euler class b to get the manifold P(L 0 1) (with e{L) = ±b). 

The proof of the theorem will use the following lemma (an assertion on the 
manifold dW{T) rather than on an S^-action). 

Lemma VIIL2.19. 7/T = (6i, . . . ,bs), then the manifold dW{T) is the lens space 
L{p,q) where p/q = [bi , . . . ,6^]. 

Proof We must glue the bundles E{—bi),...,E{—bs). One checks by an easy 
induction on s that this is the same as gluing the two solid tori x (where 
Si-^ is the first hemisphere in the first sphere ^i) and Sg- x by the map 

dSi^ X > dSg- X 



with matrix 

A. 



-1 0\ /O 1 

bs 1 A 1 0 



Using reduced fractions, we can write 



0 1 
1 0 



0 1 
1 0 






bs 1 
-1 0 





Ns Ds \ 
Ns-i -Ds-i } 






where 



[6i , . . . , 6^] 
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(by induction). Then 

/on / Ns Ds \ ^ ( -Ns-i -Ds-i\ 

^ \l0)\-Ns-i -Ds-J \ Ns Ds ]' 

To use less cumbersome notation, put Ns = Ds = q (this is the notation in the 
statement), Ns~i = Ds-i = v (hence qu — pv = 1), in such a way that we have 




and that the gluing map is: 

dSi^ X > dSs- X Si 

(a, z) I ^ {a-'^z-^,aPz^). 

We recognize the lens space L{p^q) (see §1.3.5). □ 

Proof of the theorem. We apply the lemma in each branch of the graph. We know, 
as the action is trivial at the “head”, that we have to glue the lens space L{p,q) 
with the trivial action in the fibers over 5i+: the action on Si^ x is 

t • (a,z) = {ta,z). 

At the end of this branch, we know that the S^-action is 

t • (a, z) = (t'^^a^t'^^z) 

with 




The exceptional orbit is the central (a = 0) one, the order of its stabilizer is 
n'g = Ns = p. To get the Seifert invariants (p, /?) it is enough, up to normalization, 
to find some (3 such that m'/3 = -fl mod n' . But m' = —Ns-i = — u, we thus 
have to solve 

—ufS = 1 mod p. 

As we have pu — qv = l3 = p — q works. □ 

Eventually, the algorithm to decide whether a given graph is indeed the graph 
of some Hamiltonian action on a 4-manifold is the following: 

- add to the graph the descending gradient spheres as explained above, 

- relabel the edges, 

- compute the continued fractions. 

If the result is the inverse of an integer, we are done. 

Proposition VIIL2.20. Let T be a weighted graph. This is the graph describing a 
periodic Hamiltonian on a compact connected symplectic A-manifold if and only if 
it is isomorphic to a graph, the complement of the top vertex of which 
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— is connected and star-shaped, 

— the bottom vertex represents a surface of genus g and all the other vertices 
are di- valent, 

— on each branch of the star, the weights satisfy 

[h,...,bs] = - 

Is 

(the inverse of an integer). □ 



Exercises 



Exercise VIILL Let / : ^ VL be a smooth map into the symplectic manifold 

{W, uj). Assume W is endowed with a symplectic S^-action, the fundamental vector 
field of which is denoted X. Consider the mapping 



F:Si xSi ^ W 

{z,x) I > z- f{x). 



Check that 

(-F*w)(z,x) - '^'*XW/(x)(To;/(0), 

(here z = exp(2i7rt)), that is, 



F'^u = dt A f^ix^- 



Deduce that 



L 



F'^u = 



S^xSi 




ix^v. 



Exercise VIIL2, Let if be a periodic Hamiltonian on a compact connected man- 
ifold W of dimension 2n. Assume that H has only two critical values. Assume 
also that the minimum is reached at an isolated point. Prove that the maximum 
is reached on a symplectic manifold of dimension 2n — 2, which is diffeomorphic 
with P’^“^(C). Prove that W is equivariantly diffeomorphic with P^(C), endowed 
with the -action by 



u- [xo,Xi ...,Xn] = [xo,UXi,...,UXn]. 
This is part of a result of Delzant in [39]. 



Exercise VIIL3. Prove that the graphs obtained from periodic Hamiltonians on 
the complex projective plane are as shown in Figure 22 (and their images by the 
symmetry about the horizontal axis). 
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Figure 22. Graphs for P^(C) 



Exercise VIIL4. Check that, if B is a surface of positive genus, the associated 
graph is that shown in the right part of Figure 14. Prove that, if B is a sphere, the 
Hamiltonians are the projections on the rational lines of the momentum mapping 
of the standard T^-action on the corresponding Hirzebruch surface (shown on the 
left of Figure 23) and that the graphs are as shown in Figure 23. 




Figure 23. Graphs for P(0(m) 01) 



Is there any contradiction between the presence of the first graph and the re- 
mark we have made above (see Figure 16 and the discussion around it), forbidding 
an isolated edge with a label different from 2? 

Prove that the penultimate graph can only occur for m = 0 (and a taking 
any value, we have already met this graph for an action on x S^, see Figure 14) 
and for m = 1 (the Hirzebruch surface is just P^(C) blown up at a point) and 
a = 2. 

Prove that the very last graph corresponds to the case 
a = (3 = I, and (3 - ma = ±1 
and that it appears only for m = 0 or 2. 

Exercise VHL5. In the case of a minimum which is an isolated point, prove that the 
self-intersection numbers of the gradient spheres are the opposites of the numbers 
6i, b[ shown in Figure 24. 
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Figure 24 

Exercise VIIL6, What are the self- intersection numbers of the gradient spheres 
corresponding to the middle graph in Figure 22? In a graph for which the top and 
bottom vertices correspond to isolated fixed points, do the intersection numbers 
determine the orders of the corresponding stabilizers? 

Exercise VIIL 7. Prove that to blow up an isolated minimum of a periodic Hamil- 
tonian on a 4-dimensional manifold transforms its Karshon graphs as shown on 
Figure 25, in which dotted edges correspond to gradient spheres with trivial sta- 
bilizers and it is etssumed that a > (3. 




Figure 25. Blowing up fixed points 



Exercise VIIL8. Check that 

[.. .bn, 6n+2 • • • ] = [• • • 1,1, &n+2 + 1, • • • ]• 

What is the relation with blow ups? Prove that 6i,...,6n ^ 2 if and only if 
[6i , . . . , &n] > 1 • Considering a star-shaped graph such that 

[^2,1 7 • • • 7 J — 

li 

(the inverse of some integer) for all i, deduce that this graph is obtained by a 
sequence of blow ups starting from a graph {g \ b). Deduce a proof of Theo- 
rem VIII.2.9 in the case of periodic Hamiltonians on 4-manifolds having a surface 
as one of the extrema. 
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Exercise VIIL9, Consider the case of a 4-manifold endowed with a semi- free S^- 
action. Prove that, in each branch of the associated graph, one has 

6i = 1, 62 = • • • = = 2, 

and that 

Deduce that a symplectic 4-manifold endowed with a semi- free Hamiltonian Sa- 
nction is obtained by a sequence of blow ups 

TTi : W^ . Wi-i 

in which each tt^ is the blow up at some points of the surface on which the minimum 
is reached in 

Exercise VIILIO. Prove that any (oriented) Seifert manifold (with oriented basis) 
is a level of some periodic Hamiltonian on a compact 4-dimensional symplectic 
manifold. 

Exercise VIILll. Let VP be a compact symplectic manifold of dimension 4 endowed 
with a Hamiltonian -action. Assume that there exists a Hamiltonian T^-action 
extending the given action (for some way of embedding as a subgroup in T^). 
Prove that the two following conditions hold: 

— one of the regular levels has a sphere as symplectic reduction 

- no level of H meets more than two gradient manifolds. 

Conversely, assume that W is endowed with an -action satisfying these two 
conditions. Prove that it extends to a Hamiltonian T^-action and that this action 
is unique. 

Exercise VIILll (Plumbing along polygonal graphs). In this exercise, we plumb 
complex line bundles over spheres along the polygonal graph shown in Figure 26. 
The result is a 4-manifold with boundary. We try now to endow it with an S^- 



hi 




Figure 26 
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action. We use the notation of §VIII.2.e, so that, over the hemisphere 5i-f, the 
action is given by 

t • {z^a) = 

and that over Ss- it is given by 

t • (z,a) = {t'^^z.t'^^a) 



where 




Prove that, in order that the actions agree on the last plumbing, it is necessary 
that the matrix 



Bs = 




bs 1 
-1 0 



bi 1 
-1 0 



G SL(2; Z) 



has 1 as eigenvalue. Conversely, let B be a parabolic matrix, that is. 



B = 



a b 
c d 



with a, 6, c, d G Z, ad — bc= 1 and a + d = 2. 



Prove that there exists integers s, 6i, . . . , 6s such that 

/a 6\ / iVs Ds bs l\ ( 6i 1\ 

Vc d) \-Ns-i -Ds-i) v-1 o;*" v-1 o;* 



Let ( 1 be a nonzero vector, fixed by B and such that m and n are relatively 

\nj 

prime. Prove that the manifold got by plumbing along the graph in Figure 26 may 
be endowed with an (effective) -action, determined by m and n on the sphere 
number 1. 



(1) If Bs = ±Id, check that there is even a T^-action on our plumbed manifold. 

(2) Notice that 




s times 



and thus that a polygonal graph weighted by 2’s gives 



(Ns Ds \^(s + l s \ 

V-iVs-1 -Ds-i) V 



which is a parabolic matrix. Deduce that, for any s, (6i, . . . , 6s) = (2, . . . , 2) 
give a solution. 

(3) In the same way, check that 



[- 2 ,. ..,- 2 ] = 

■- V ' 

s times 



(-ir(^+i) 

(_i)s+ij 
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and that the unimodular matrix is 

's + 1 
s 



Bs = (- 1 )“ 




which is parabolic if and only if s is even. 

(4) The case where s = 3. Prove that all the triangles which have two vertices 
weighted by —1 are solutions. When does the plumbed manifold have a 
T^-action? Prove that, in this case, the plumbed manifold may then be 
identified to a neighborhood of the union of the three coordinate lines x = 0, 
y = 0, and z = 0 in P^(C). 

(5) The case where s = 4. Prove that all the quadrilaterals weighted by 
(0, a, 0, b) are solutions and that there is a T^-action if and only ifb = —a. 
What is the plumbed manifold in this case? 



Exercise VIIL13 (Plumbing along polygonal graphs (continuation)). We consider a 
4-dimensional manifold W with an S^-action as constructed in Exercise VIII.12. 
Prove that the boundary of W is endowed with an action of without exceptional 
orbit. Prove that the quotient of this action is a torus (hint: the plumbing along 
the linear graph (6i,...,6s) gives a lens space, fibered on a 2-sphere (Lemma 
VIII. 2. 19), gluing the spheres number 1 and s amounts to gluing two small discs 
in this sphere). 

Determine the Euler class of W as a principal -bundle over in terms of 
the matrix Bs of Exercise VIII.12. 

Compactify W into a closed 4-manifold endowed with an -action that ad- 
mits no invariant symplectic form. 

Example: Parabolic Inoue surfaces. This is the case of a polygon, all the weights 
of which are equal to 2. Recall that the matrix Bs is 

[s-is-i)) voi;- 

Check that the -action on the closed 4-manifold constructed this way^^^ has s 
isolated fixed points and a fixed surface which is a torus T^. 



There exists an analytic complex surface, endowed with a C*-action with these properties. 
The spheres we used to plumb constitute a cycle of rational curves, and the torus is an elliptic 
curve. This surface (parabolic Inoue surface) has remarkable properties, but has no nonconstant 
meromorphic functions (see for example [98] and [114]). For instance, it has no symplectic form 
defining the orientation we consider (a fortiori calibrating the complex structure). In fact the 
intersection pairing is negative definite (the proof of this fact is easy and thus left as an exercise) . 
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